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Antioxidants are used to delay the oxidation of raw meat like poultry and beef, 
prevent the development of rancid flavors, and inhibit discoloration. New resources that 
are familiar to consumers and may work as antioxidants are the focus of many recent 
studies.  
Antioxidant activity, anthocyanin content and carotenoids content were 
determined in the first study for four species of native wild berry species in Utah, 
including skunkbush (Rhus trilobata), chokecherry (Prunus virginiana), river hawthorn 
(Crataegus douglasii) and silver buffaloberry (Shepherdia argentea), after freeze-drying 
and storage at -20 °C for 2, 4 and 6 months in vacuum packaging. The total oxygen 
radical absorbance value (ORAC) and ferric reducing antioxidant potential (FRAP) value 
were stable in these freeze-dried berry powders (FBPs) during the six months of frozen 
iv 
storage. Overall the river hawthorn and buffaloberry contained higher ORAC and FRAP 
values (p < 0.05) than chokecherry and skunkbush, which indicated that they would be 
more effective for use as food antioxidants.  
The effectiveness of 0.5 % or 1 % (w/w) freeze-dried native Utah river hawthorn 
and buffaloberry in preventing quality loss (color, lipid oxidation, oxymyolobin loss) in 
ground poultry and ground beef was examined in the second study. These patties were 
held at 4 °C and analyzed every three days for two weeks. Dried river hawthorn berry and 
silver buffaloberry powders at low concentration (0.5 % or 1 %) could delay the 
oxidation of lipid in both meat products (beef, p < 0.0001; chicken, p = 0.0008). 
Myoglobin oxidation was delayed only in beef with 1 % silver buffaloberry treatment. 
Neither berry significantly changed the instrumental color of ground beef patties nor 
increased the aerobic bacterial growth in ground meat. However, silver buffaloberry from 
0.5 % to 1 % could increase redness (a*) of chicken patties as compared to control (p < 
0.0001). Overall, the river hawthorn and buffaloberry are more suitable for using in 
ground beef product as antioxidant. More research is needed for using these berries in 
ground poultry.  
The purpose of the third study was to examine, without the lipid present, the 
effect of metal chelating antioxidants on oxidation of poultry myoglobin. Ferrous iron 
could significantly (p < 0.05) increase oxidation of poultry myoglobin at pH 6.0 and pH 
7.2 in the lipid free system at day 1. However, Type II antioxidants, like milk mineral (at 
pH 6.0) or sodium tripolyphosphate (at pH 6.0 or pH 7.2) could be used to reverse the 
effect of added free iron as compared to control (p > 0.05) and therefore inhibit the 
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Xiaoxi Wang 
In industry, antioxidants are added to prevent changes that affect quality due to 
oxidation, such as the development of off flavors, unacceptable odors and discoloration. 
New resources that are familiar to consumers and may work as antioxidants should be 
studied.  
The changes in antioxidant activity were determined for four freeze-dried native 
wild berry powder species in Utah, including skunkbush (Rhus trilobata), chokecherry 
(Prunus virginiana), river hawthorn (Crataegus douglasii) and silver buffaloberry 
(Shepherdia argentea), during cold storage (-20 °C) for 6 months. The total antioxidant 
activity was stable in most of the berry powders during the six months of frozen storage. 
Overall the river hawthorn and buffaloberry contained the highest antioxidant activity 
values, which indicated that they would be more efficient for use as food antioxidants.  
The effectiveness of two different levels of native Utah river hawthorn and 
buffaloberry freeze-dried powders in maintaining the quality of ground poultry and 
ground beef was studied. Meat patties mixed with berry powders were held at 4 °C and 
analyzed every three days for two weeks. The river hawthorn berry and silver 
buffaloberry delayed the undesirable changes in flavor or color caused by the oxygen 
present in the air in both chicken and beef ground patties. However, the plant pigments in 
vi 
the silver buffaloberry increased the redness of chicken patties. Neither berry 
significantly changed the color of ground beef patties or changed the microbial growth in 
ground meats. Overall, both river hawthorn and buffaloberry are suitable for using in 
ground beef product as antioxidants.  
Milk mineral and sodium tripolyphosphate are antioxidants that could bind free 
metal ions into insoluble or inactive forms. They can delay the changes of the meat 
pigment and maintain color in meat products. The purpose of the third study was to 
examine the effect antioxidants on meat pigment. pH describes the amounts of acid in 
food. Slowed color changes in the poultry meat pigment with antioxidants was seen both 
at the pH of living poultry muscle (7.2) and the pH of raw poultry meat (pH 6.0). This 
suggested that addition of metal-binding antioxidants like milk mineral or sodium 
tripolyphosphate could help preserve poultry meat pigment and maintain the color of 
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Short shelf life caused by chemical or microbial changes is a great concern for the 
meat industry. The most ordinary form of deterioration in meat caused by chemical 
change is the oxidation of lipid and heme-containing proteins (Kanner, 1994). Oxidation 
in meat results in rancid taste, off flavors, texture and color changes, which adversely 
affect consumer acceptability and limits meat shelf life, causing issues in marketing and 
distribution (Sampels, 2013). Antioxidants can be applied in meat processing to preserve 
meat quality and extend its storage time (Ahna, Grun, & Mustaphab, 2007; Kim et al., 
2013; Banerjee et al, 2012; Sampaio, Saldanha, Soares, & Torres, 2012). Even low 
concentrations of antioxidants (ppm) added to meat products can slow down the 
oxidation of meat lipids and proteins, therefore increasing the storage time of meat by 
saving them from chemical oxidation (Karre, Lopez, & Getty, 2013). Sen and Mandal 
(2017) in a review suggested that both commercial synthetic antioxidants and natural 
antioxidants could control or delay the oxidation in meats. However, the application of 
synthetic antioxidants in meat has declined recently because of consumer concern over 
possible toxicity (Juntachote, Berghofer, Siebenhandl, & Bauer, 2006). With the 
increasing focus on organic foods, food safety and consumer’s health, more natural 
sources that show high antioxidant activity and can be applied to meat processing are 
being explored. Many plant-derived sources that have been suggested to contain high 
2 
level of antioxidant ingredients to inhibit oxidative deterioration have been studied, such 
as bearberry, cranberry, grape seed extract, pine bark extract, plum, pomegranate, 
rosemary, and oregano (Karre et al., 2013; Ahmad, Gokulakrishnan, Giriprasad, & Yatoo, 
2015). However, only a few can be used in meat processing due to each natural additive 
needing to gain federal approval first.  A manufacturer or other sponsor may be required 
to petition UDSA with evidence for certain natural additives to document their safety 
when used in meat products. The FSIS, a department within the UDSA, must then 
approve additives by inspecting safety, technical function, and conditions of use for each 
additive that take into consideration of the unique characteristics of meat and poultry 
products. In addition, some state laws also regulate the usage of antioxidants for meat 
processing (Mikova 2001). 
In the last two decades, much attention has been given to the nutritional qualities 
of berries, especially those with remarkable antioxidant capacity (Huang, Zhang, Liu & 
Li, 2012). In addition to more traditional food berries such as blueberries (Vaccinium 
myrtilloides and related species), cranberries (Vaccinium macrocarpon), raspberries 
(Rubus idaeus), and strawberries (Fragaria x ananassa), novel wild varieties such as 
Saskatoon berries (Amelanchier alnifolia), bearberries (Arctostaphylos uva-ursi), sumac 
berries, and buffalo berries (Shepherdia argentea) have been extensively studied in more 
recent years (Green & Low 2013; Kwok, Hu, Durance, & Kitts, 2004; Leiner, Holloway, 
& Neal, 2006; Moyer, Hummer, Finn, Frei, & Wrolstad, 2002; Rayne & Mazza 2007; 
Riedl, Choksi, Wyzgoski, Scheerens, Schwartz, & Reese, 2013).   
Despite the exhaustive literature on commercially important berries and berry 
extracts showing a high level of antioxidant activity, only a few studies have been 
3 
conducted on wild berry species. In one of the few studies examining wild berries as 
antioxidants in meat, Carpenter, O'Grady, O'Callaghan, O'Brien, and Kerry (2007) found 
that bearberry extracts functioned as potent antioxidants in both raw and fresh pork, 
effectively preserving red color (Hunter a* value) and limiting lipid oxidation for up to 
12 days of storage. Wild growing species of native Utah berries have the potential to act 
as antioxidants. However, very few of these have been researched.  
Meat color is the major subject in this study. Myoglobin is the main factor to 
control the meat color. Trace iron is well known to play an important role in lipid 
oxidation, and researchers have suggested that lipid oxidation further accelerates Mb 
oxidation and resulting color loss (Faustman, Liebler, McClure, & Sun, 1999). Research 
focusing on the extent to which trace iron directly influences Mb oxidation independent 
of the effect of lipid oxidation is limited. Allen and Cornforth (2007) is the only study to 
demonstrate the iron effect on Mb oxidation directly. However, this study only focuses 
on how free iron and Type II antioxidants affect mammalian Mb oxidation. Whether free 
iron and Type II antioxidants have similar effects on poultry Mb has not been confirmed.  
In this study, the potential of using dried native wild Utah berry to improve the 
shelf life of meat will be evaluated, in order to provide more knowledge of how dried 
fruit powder antioxidant can be applied in meat processing. The ferrous iron stimulating 
effect on poultry myoglobin oxidation, independent of the effect of lipid oxidation and its 




Wild berry species native to Utah can be used as a source of antioxidant 
ingredients and can preserve the quality of fresh beef and poultry products longer, 
through their action as Type I and/or Type II antioxidants without any other quality 
impact (color, pH and microbial load) at low levels. Free iron can also stimulate the 




1. To examine the potential of four species of native dried Utah wild berries to 
function as food antioxidants: 
a) Type I activity 
b) Type II activity 
2. To examine effectiveness of native Utah berries in preventing quality loss (color, 
lipid oxidation, oxymyoglobin loss) at low levels in: 
a) Ground poultry 
b) Ground beef 
3. To examine the effect of Type II antioxidants on oxidation of poultry myoglobin.  
a) In a lipid-free model system 
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Factors affecting quality of Meat 
The three sensory properties that are important aspects affecting consumer 
perception are appearance, texture, and flavor (Elzerman, Hoek, van Boekel, & Luning, 
2011). Meat quality and value is largely dependent on the color and appearance, raw or 
cooked color impacts willingness to purchase, and rancidity impacts sensory scores or 
eating quality. The color defect is mainly caused by myoglobin oxidation (Faustman, 
Sun, Mancini, & Suman, 2010), specifically the transformation of oxymyoglobin (MbO2) 
to metmyoglobin (MetMb). Lipid oxidation is another important factor in quality 
deterioration of meat products (Gray, & Gomaa, & Buckley, 1996). Oxidation in meat 
leads to rancid taste, off flavors, texture and color changes (Sampels, 2013). Therefore, in 
order to maintain good meat quality, more attention should be paid to controlling lipid 
and myoglobin oxidation.  
 
Lipid oxidation in meat 
Lipids are widely distributed in meat as storage lipids (triacylglycerol) and 
structural lipids (phospholipids). The lipid oxidation increases rapidly during post-
mortem handling when loss of endogenous antioxidants, like ubiquinol, ascorbate, 
glutahione, and a-tocopherol, occurs after slaughter (Xiao, Zhang, Lee, Ma, & Ahn, 
2011; Decker, Elias, & McClements, 2010). Min and Ahn (2009) discussed the potential  
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kinetics of lipid oxidation in meat and meat products. Basically, it is a three-step radical 
chain reaction with the production of free radicals, which consists of initiation, 
propagation, and termination stages (Table 2.1). Light, heat, presence of very low 
concentrations of metal ions, and radicals can initiate the oxidation steps (Sampels, 
2013). Lipid (alkyl) radicals (R•) are generated when hydrogen atoms are abstracted to 
initiators from a methylene group in lipid molecules (RH). Further reactions with O2 
leads to the formation of lipid peroxides (ROO•). ROO• is able to abstract additional 
labile hydrogen atom from the lipids that are nearby to form lipid hydroperoxide (ROOH) 
and another new R•. Termination is the final step of lipid peroxidation, in which ROO• 
reacts to form more stable non-radical products such as aldehydes, alkanes and 
conjugated dienes (McClements & Decker, 2007). 
Lipid oxidation can result in rancid odors, off-flavors, drip losses, discoloration, 
short shelf life, and production of toxic compounds (Richards, Modra, & Li, 2002; Møller 
& Skibsted, 2006; Ayala, Muoz, & Argelles, 2014). High temperature or the presence of 
metal ions can decompose the hydroperoxides formed in propagation step of the 
oxidation cycle. Volatile and nonvolatile oxidized byproducts of polyunsaturated lipids  
 
Table 2.1  
Lipid Oxidation Mechanism in Meat 
 Equations 
Initiation RH + Initiator  R +Initiator H (reduced form) 
Propagation R + O2  ROO                    
ROO + RH  ROOH + R 
Termination ROOH  RO + OH 
R + R  RR 
R + ROO  ROOR 
ROO + ROO  ROOR + O2 
RH means unsaturated fatty acid 
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after lipid oxidation, like carbonyls, alcohols, hydrocarbons and furans, are responsible 
for the off-flavor in many foods (Frankel, 1987). Some of the most common volatiles are 
highly unstable aldehydes, such as malondialdehyde (MDA), propanal, hexanal, and 4-
hydroxynonenal (4-HNE; Ayala et al., 2014). These aldehydes can increase initial free 
radical reaction rates, and can also react with protein, causing protein deterioration and 
drip losses (Esterbauer, Schaur, & Zollner, 1991). In meats, aldehydes like 4-HNE, at 
room temperature, can decrease myoglobin stability by accelerating MbO2 oxidation, 
slowing the enzymatic reduction of Mb, and enhancing the pro-oxidant activity of 
MetMb (Lynch & Faustman, 2000). In addition, final lipid oxidation products may be 
toxic; MDA, a common aldehyde end product, has been associated with cancer formation 
in the body (Ayala et al., 2014). 
 
Myoglobin 
Myoglobin is the protein responsible for meat color. It contains a hydrophobic 
pocket and a heme prosthetic group within the protein shell. It is water soluble and the 
hydrophobic pocket protects the heme iron from external environments and oxidants 
(Suman & Joseph, 2013). It can absorb lights and functions as a pigment, due to the 
presence of conjugated double bonds in the heme structure (Cornforth, 2014). An iron 
atom is centrally located in the heme ring, which usually exists in a reduced 
(ferrous/Fe2+) or oxidized (ferric/Fe3+) form. This central iron can participate in up to six 
bonds: first to fourth bonds with heme nitrogen (anchoring it in the center of the heme 
group), the fifth with imidazole nitrogen from the proximal histidine residue, and the 
sixth with varying ligands. Due to the special arrangement of the distal histidine and 
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heme group in hydrophobic pocket, the sixth site of iron in native myoglobin heme can’t 
interact with large biomolecules, and can only bind with small ligands, such as oxygen 
(O2), carbon monoxide (CO), or nitric oxide (NO; Suman & Joseph, 2013). The nature of 
this ligand and the valence of the iron influence observed meat color.  
 
Myoglobin and meat color 
Myoglobin in fresh meat has three natural forms depending on its exposure to air 
and the oxidation state of the iron. The three common forms are deoxymyoglobin 
(DeoxyMb), MbO2, and MetMb (Mancini & Hunt, 2005). If no oxygen is present, like in 
vacuum packaged products and freshly cut muscle, the meat appears purplish-red in color 
with an absorbance maximum of 555 nm (Bowen, 1949). This form is DeoxyMb, and no 
ligand in the 6th coordination site, when fresh meat (myoglobin) is exposed to air 
(oxygen) and becomes oxygenated, it appears bright cherry red due to MbO2. This form 
contains ferrous state heme and a single dioxygen molecule bound in the 6th site 
(Livingston & Brown, 1981). Heme iron in DeoxyMb and MbO2 are both in a ferrous 
state. However, iron in MetMb is in a high-spin ferric-state (Fe3+) and is coordinated with 
a water molecule. Due to the brown color development of MbO2 oxidized to MetMb, it is 
estimated that 4-10 % of retail meats are discounted, processed into hamburger, or even 
discarded (Cornforth, 2014). Faustman et al. (2010) indicated that this discoloration is 
usually caused by heme redox stability decreasing during storage, rather than 
denaturation of the protein or specific amino acid residues oxidation. This discoloration 
in raw meat can be assessed instrumentally (reflectance) or by sensory panels. Oxidation 
of Mb in model systems can be observed spectrophotometrically by monitoring the 
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characteristic peaks for MbO2 (572-582 nm) and MetMb (503-545 nm; Tang, Faustman, 
& Hoagland, 2004; Suman & Joseph, 2013). 
 
Myoglobin oxidation 
There is a long history of study into the myoglobin oxidation mechanism, and 
different mechanisms of myoglobin oxidation have been proposed. In 1952, George and 
Stratmann found myoglobin oxidation was favored at low oxygen partial pressures (1-1.4 
mm Hg, at 30 ºC and pH 5.7) and was inhibited at high oxygen concentration. They also 
proposed the following relationship between MbO2 and deoxyMb (Equation 1):  
 
MbO2↔dMb +O2         (1) 
 
After that, Weiss (1964), Brown and Mebine (1969), and Wallace, Houtchens, 
Maxwell, and Caughey (1982) suggested that MbO2 can be directly oxidized by O2 to 
MetMb via dissociation of superoxide O2− (Equation 2) 
 
MbO2 → MetMb+ O2−       (2) 
 
However, later some researchers suggested that hydrogen peroxide (H2O2) could 
be the oxidizing species instead of O2 in the myoglobin oxidation process. Hydrogen 
peroxide has been found to cause very rapid transformation of MbO2 to MetMb (Yusa & 
Shikama, 1987). The large amount of H2O2 can be rapidly produced during post-mortem 
handling (Halliwell & Gutteridege, 1999). Yusa and Shikama (1987) suggested that 
deoxyMb reacts with H2O2 and forms ferryl-Mb. This ferryl-Mb could further react with 
another deoxyMb and oxidize to two molecules of MetMb. The details of this reaction, 
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specifically how the mygolobin cross-linking can occur, was described later using high 
performance liquid chromatography with electron paramagnetic resonance spectra 
method (Reeder, Svistunenko, Sharpe, & Wilson, 2002). The overall reaction from Yusa 
and Shikama (1987) may be written as equation 3: 
 
Mb(II) +H2O2 → FerrylMb(IV) +2 OH−               (3a) 
FerrylMb(IV)+Mb(II) → 2 MetMb(III)      (3b) 
Sum: 2 Mb(II) +H2O2 → 2 MetMb(III)+OH−+HO     (3)  
 
In order to demonstrate that H2O2 is the oxidizing species, Satoh and Shikama 
(1981) examined equation (3). They argued that the reduction potential (E⁰) for reaction 
(3) is -0.37 volts, with a free energy of +8.5 kcal/mol, which means the movement of a 
single electron from the iron (II) to free O2 cannot occur spontaneously. They concluded 
H2O2 must be the major oxidizing spices in myoglobin oxidation. This was further 
demonstrated by Wazawa, Matsuoka, Tajima, Sugawara, Nakamura, and Shikama (1992) 
who found that MetMb formed from normal MbO2 oxidation can react with hydrogen 
peroxide and form a ferryl species: 
 
MbO2+ H2O2 → Mb=O+H2O        (4) 
 
Brantley, Smerdon, Wilkinson, Singleton, and Olson (1993) compared native or 
wild-type to engineered sperm whale and pig myoglobin to examine the effect of the 
distal histidine on myoglobin oxidation. They proposed that formation of metMb from 
deoxyMb is a nuclephilic displacement, and formation from MbO2 is proton-mediated. 
The oxidation is independent of azide concentration at high concentration of O2, where 
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direct dissociation of the neutral superoxide radical from OxyMb dominates. Different 
azide concentration was used in systems to confirm O2 is the sole oxidizing agent for 
myoglobin oxidation. This process is accelerated by decreasing pH. The oxidation 
becomes increasingly dependent on azide at low concentration of O2, where the 
biomolecular reaction between molecular oxygen and deoxyMb (sixth site of iron bond 
with a weakly water molecule) is the major pathway for oxidation.  
 
Nucleophilic displacement pathway:       (5) 
MbO2 ↔deoxyMb + O2  
deoxyMb + H2O ↔deoxyMb∙H2O  
deoxyMb∙H2O + O2 →MetMb∙H2O + O2•− 
 
Protonation/displacement pathway:       (6) 
MbO2− + 2 H+ ↔ deoxyMb(H+) O2− 
deoxyMb(H+) O2−→MetMb + HO2• 
MetMb− + H2O →MetMb∙H2O− 
 
From their study, they concluded that either deoxyMb or MbO2 could be the 
oxidized species. They also found the rate of oxidation of myoglobin at zero oxygen 
concentration is zero, and in the presence O2 catalase showed < 30 % rate reduction in the 
system during myoglobin oxidation. They concluded that oxygen could be the sole 
oxidizing agent responsible for myoglobin oxidation in their system.  
Richards (2013) proposed an overall reaction sequence for the oxidation of 
myoglobin. He described the first two reactions as Brantley et al. (1993) did: formation of  
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MetMb from MbO2 is proton-mediated and DeoxyMb reacts with O2 to produce MetMb 
and superoxide radical. Then he proposed that as oxidation byproducts, superoxide anion 
radicals and neutral superoxide radicals react further to form H2O2 and future increase the 
rate of MbO2 oxidation. He also proposed that other enzymatic transformation from 
superoxide radical to H2O2 by superoxide dismutase may also occur, similar to systems 
such as nicotinamide adenine dinucleotide cytochrome b5 reductase (Mb to H2O2), 
Nicotinamide adenine dinucleotide phosphate cytochrome P450 reductase (O2 to H2O2), 
and Xanthine oxidase (O2 to H2O2). But this mechanism is more likely to occur in vivo, 
not in fresh meats since after slaughter, most enzyme activity stops at room temperature 
and during chilled storage. Therefore, the pathway for MbO2 to MetMb is still not 
entirely understood. The pathways for myoglobin transformation can be summarized as 
shown in Figure 2.1. 
 
Factors influencing meat color stability 
Meat color stability can be affected by many factors, including temperature, light, 
pH, MetMb reducing activity, partial oxygen pressure, and presence of ligands, muscle  
 
 
Figure 2.1. Three myoglobin forms in packaged fresh meat, their chemical state of the 
iron, color and their spectrophotometric absorbance maxima. 
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source, antioxidant concentration, and presence of lipid oxidation byproducts (Faustman 
& Cassens, 1990; Mancini & Hunt, 2005). Stability would be decreased by lower non-
zero partial oxygen pressures (George & Stratmann, 1952), higher temperatures (Brown 
& Mebine, 1969), lower pH (Goto & Shikama, 1974), higher concentration of secondary 
lipid oxidation byproducts (Faustman, Liebler, McClure, & Sun, 1999), lower MetMb 
reducing activity (Bekhit, Simmons, & Faustman, 2005), and presence of non-heme 
catalytic iron (Allen & Cornforth, 2007). 
 
Meat species 
The species of the meat may also influence color stability. First, the lipid and 
myoglobin oxidation could be accelerated when large amount of hemoglobin exists, 
where the exact ratio of myoglobin to hemoglobin varies depending on the species 
(Livingston & Brown, 1981). For example, it has been shown that deoxyhemoglobin can 
be a potent catalyst which plays a major role in lipid oxidation of fish muscle, though this 
is not as important in beef and pork (Richards et al., 2002). Second, myoglobin oxidation 
rate is affected by the concentration of reactants such as oxygen, catalytic metals such as 
iron and copper, and myoglobin. The amount of myoglobin varies within different 
species (pork, lamb, beef, fish, turkey and poultry) and is dependent on age (Miller, 
1994). Most importantly, poultry Mb primary structure differs from mammalian Mb. 
Even though all mammalian and poultry Mb contain distal and proximal histidine 
residues which could form analogous heme pockets, 153 amino acids, and functions to 
carry oxygen, their primary structures are different (Deconinck, Peiffer, Depreter, Paul, 
Schnek, & Leonis, 1975). Mammalian Mb shares about 75 % protein amino acid  
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sequence similarity if compared to their poultry counterparts (Table 2.2). Moreover, their 
Mbs are 300 to 400 Daltons lighter than poultry Mbs (Table 2.2). Protein tertiary  
structure, which is influenced by the primary structure, influences the protein’s 
performance under different conditions and ultimately impacts meat color. Suman and 
Joseph (2013) concluded three factors explain the differences in color stability from 
different primary structures: differences in oxidizable cysteine residue amounts; 
differences in size and accessibility of the hydrophobic pocket; and substitution ability of 
the individual amino acid residues impacting heme retention. 
 
Lipid oxidation byproducts 
4-HNE, an α, β-unsaturated aldehyde lipid oxidation byproduct, was proven to 
significantly accelerate (p < 0.05) the formation of MetMb of seven different meat-
producing poultry and mammal species at both 25 and 4 °C, pH 5.6 (Yin et al., 2011). It  
is more effective than saturated aldehydes to accelerate MbO2 oxidation, to decrease the 
ability of enzymes to reduce MetMb and to enhance MetMb pro-oxidant activity 
((Faustman et al., 1999; Lynch & Faustman, 2000). It preferentially forms adducts with 
the imidazole ring of its major target amino acid residue, His, in myoglobin via covalent 
bonding (Uchida kand Stadtman, 1992; Faustman et al., 1999). Alderton, Faustman,  
 
Table 2.2  
Molecular Mass in Different Meat Myoglobin Species and Their Percentage Sequence 
Similarities.     
Species Molecula Mass (Da) Beef lamb Pig Chicken Ostrich 
Beef 16,946 100     
lamb 16,923 98.7 100    
Pig 16,953 88.2 89.5 100   
Chicken 17,291 72.5 72.5 76.5 100  
Ostrich 17,325 70.6 70.6 74.5 92.8 100 
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Liebler, and Hill (2003) found 4-HNE accelerated bovine MetMb formation by adducting 
multiple histidine residues in myoglobin via covalent bonding, for example, His 24, 64 
(distal His), 93 (proximal His), 116, 119, and 152. Lee, Phillips, Liebler, and Faustman 
(2003) found HNE accelerated porcine MbO2 oxidation via covalent adduction to His 24, 
64 (distal His), 81 and 119. Naveena, Faustman, Tatiyaborworntham, Yin, and 
Ramanathan (2010) found HNE can adduct to His 64 (distal His) and His 93 of chicken 
Mb at 25 °C. These studies all indicated Mb adducted by HNE exhibited redox instability 
compared to natural Mb. Alderton, Faustman, Liebler, and Hill (2003) suggested that the 
increased susceptibility of modified Mb to oxidation may be due to His-HNE adducts 
changing the protein tertiary structure. They also suggested HNE preferentially reacted 
with His 64 (distal His) and His 93 (proximal His) in bovine Mb. Naveena, Faustman, 
Tatiyaborworntham, Yin, and Ramanathan (2010) suggested HNE preferentially 
adducted with His 64 (distal His) and increased the redox instability of chicken MbO2. 
His 64 and His 93 are in close proximity to the heme pocket, and their alteration by HNE 
would modify the heme cleft region and subsequently reduce redox stability (Alderton, 
Faustman, Liebler, & Hill, 2003). These modifications may greatly destabilize the heme 
cleft, causing conformational shifts that give larger oxidizing molecules access to the 
central iron.  
Iron  
The interaction of myoglobin and lipid oxidation byproducts in food systems is 
well documented (Baron & Andersen, 2002; Faustman et al., 2010; Møller & Skibsted, 
2006). Most of these studies have indicated that trace iron significantly impacts Mb and 
lipid oxidation. The iron appearing in meat products can come from meat muscle itself or 
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as contamination from processing equipment and tap water. Richards (2013) also 
indicated that another source of iron may be Mb that has been denatured and extensively 
oxidized under acidic conditions, because the ability of Mb to retain the heme moiety is 
greatly decreased.  
Halliwell and Gutteridge (1999) summarized how Fe (II) and Fe (III) may 
participate in lipid oxidation (7-11): 
 
Fe (II) + O2→ Fe (III)         (7)  
Fe (II) chelator + O2 → O2−+ Fe (III) chelator     (8)  
H2O2 + Fe (II) → OH+ −OH + Fe (III)      (9) 
Fe (II) + LOOH→LO +−OH + Fe (III)      (10) 
Fe (III) +LOOH→LOO +H+ +Fe (II)      (11) 
 
The influence of free iron on mammalian myoglobin oxidation has been well 
studied. Gorelik and Kanner (2001) found the concentration of free iron in the bovine 
system could strongly impact lipid and MbO2 oxidation. Only trace amount of free ferric 
ions could significantly stimulate the oxidation of bovine lipid and MbO2. Later, Allen 
and Cornforth (2006) examined whether iron could directly influence myoglobin 
oxidation. They found ferrous-state iron can increase horse skeletal Mb oxidation, 
without the interaction of lipid or lipid oxidation byproducts. The study compared horse 
skeletal Mb oxidation in a model system without lipid; these systems only contained 
horse skeletal Mb, ferrous ions, and radical quenching agents (Type I antioxidant) or 
metal chelating agents (Type II antioxidant). MbO2 lost during the first 24 hours at room 
temperature was measured using spectrophotometer scan to monitor the Mb oxidation.  
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Because most studies on how free iron and Type II antioxidants affect myoglobin 
oxidation focus on mammalian Mb, relatively little information is known on the effect of 
free iron and Type II antioxidants on poultry Mb. Because the primary structure of 
poultry Mb and mammalian Mb are different, the effect of free iron on poultry myoglobin 
may be different from that seen in mammalian myoglobin. To examine the possibility 
that there is a direct role for iron in poultry Mb oxidation, research using a model system 
containing poultry myoglobin is needed. 
 
Antioxidants 
The biggest economic problem in meat industry was suggested to be the lipid and 
protein oxidation in meats by Falowo, Fayemi, and Muchenje (2014). Even low 
concentrations of antioxidants (ppm) added to meat products could slow down the 
oxidation of meat lipids and proteins, therefore increasing the storage time of meat by 
limiting the extent of oxidation (Karre, Lopez, & Getty, 2013). 
 
Antioxidants in meat 
Meat products like pork, beef and chicken can be mixed with antioxidants in order 
to inhibit oxidation of their protein and lipids, retard rancid off-flavors development, and 
delay discoloration. These antioxidants vary widely in chemical structure and have varied 
mechanisms of action. Figure 2.2 shows two major pathways to describe the action of 
antioxidants in preventing oxidation (Falowo, Fayemi, & Muchenje, 2014). Type I 
antioxidants are described as radical quenching antioxidants. They work by donating 
electrons or hydrogen atoms to break and terminate the oxidation cycle, forming 
relatively stable, inactive products, and thereby inhibiting new radicals of lipid and  
21 
 
Figure 2.2. Type I Antioxidant reacts with free radical, L stands for lipid or protein. 
Based on Falowo and others (2014). 
 
protein radicals from forming (Yogesh & Ali, 2014; Allen & Cornforth, 2010). For 
example, Vitamin E can prevent oxidation at the propagation step therefore breaking the 
oxidation cycle (Yamauchi, 1997). In order to prevent oxidation at the initiation step and 
stop chain reactions, Type I antioxidants need to be used with a higher concentration in 
certain food products. The antioxidant level will gradually decrease as oxidation occurs. 
The components of the meat will begin to oxidize when concentration of the antioxidant 
is no longer adequate to remove free radicals generated in the system. The concentration 
of hydroperoxides will increase as the antioxidants are consumed. When all the 
antioxidants are consumed completely, the hydroperoxides will accelerate the oxidative 
process and lead to the progressing deterioration of the meat.  
The Type II group antioxidants are secondary antioxidants, which can use 
mechanisms of action different from Type I mechanism to delay the oxidation. These 
mechanisms include binding catalysts, such as metal ions (Fe2+, Fe3+, Cu+ and Cu2+) to 
stabilize them in an inactive or insoluble form, decomposing peroxides, decreasing 
localized oxygen concentrations, or by inhibiting enzymes (Allen & Cornforth, 2010; 




phytate (Empson, Labuza, & Graf, 1991), milk mineral (Allen & Cornforth, 2007), and 
sodium tripolyphosphate (STPP; Allen & Cornforth, 2010). The structure of STPP-Fe3+ 
complex is shown in Figure 2.3. 
 
Natural antioxidants 
Natural antioxidants are often preferred in the meat industry to inhibit oxidative 
rancidity and preserve product quality, since many consumers are concerned about the 
potential harm of synthetic antioxidants (Juntachote, Berghofer, Siebenhandl, & Bauer, 
2006). Most of these natural antioxidants are obtained from plants (e.g. pine bark extract, 
rosemary, oregano, and fruits (e.g. bearberry, blue berry, cranberry, strawberry, grape 
seed extract, plum, and pomegranate) (Table 2.3 and 2.4; Karre et al., 2013; Ahmad, 
Gokulakrishnan, Giriprasad, & Yatoo, 2015). They can be used as good alternative 
antioxidants due to their high level of antioxidant components, like phenolic compounds, 
vitamin C and carotenoids. Antioxidants can be employed either through animal diet or 
direct application in meat products to delay oxidative processes in meat. Natural 
antioxidants are usually used at moderate levels (0.1 % to 15 %) in studies. Table 2.3 and 
2.4 show different natural antioxidants usage levels that have been studied to prolong the 
shelf life of red meat and poultry. The shelf life of meat products may be prolonged by  
 
 
Figure 2.3. Type II Antioxidant chelator (sodium tripolyphosphate) with metal ion (Fe3+). 
Based on Allen (2015). 
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Table 2.3  
Studies Examining the Effect of Natural Antioxidants on Poultry Quality 
Natural 
sources 











0.1 % Ground chicken 4 12  Brannan, 2008 
Cranberry 
juice powder 
0.32 % Mechanically 
separated turkey 




100 ppm tannic 
acid equivalent 
phenolics 






Dip in 0.02 % 
solution 







0.20 % Chicken breast 4 4  Sampaio, 
Saldanha, Soares, 
and Torres, 2012 
Cocoa leaf 
extract 
0.20 % Deboned Chicken 
meat 
4 21  Hassan and Fan, 
2005 
Spice extracts 1 % Raw chicken 
meat 
4 15  Krishnan et al., 
2014 
Plum extract 3 % Irritated turkey 
breast roll 
4 7  Lee and Ahn, 2005 
Dried spices 0.1 % Raw chicken and 
pork 





these natural antioxidants, however, quality aspects like color and flavor may be affected 
by the nature of these antioxidants. For example, 3 % plum extract affected the color of 
turkey meat by introducing the color of pigments from the plum extract; this might not be 




Studies Examining the Effect of Natural Antioxidants on Red Meat Quality 





Ginger rhizomes and 
fenugreek 
0.05 % Beef patties 4 12 Mansour and Khalil, 2000 
Extracts of rosemary, 
sappanwood, and red or 
white peony 
0.25 % Beef patties 4 14 Han and Rhee, 2005 
Oregano + sage leaves 0.20 % Pork thigh patties 4 4  Sampaio et al., 2012 
Sage extracts 0.10 % Pork liver patties 4 90  Estevez, Ventanasa, and Cava, 2006 
Olive leaf extracts 0.02 % Pork sausage 4 12  Hayes, Stepanyana, Allena, O’Grady, 
and Kerry, 2010 
Extracts of Marjoram, 
rosemary, sage 
0.04 % Ground beef 5 48  Mohameda, Mansour, and Farag, 2011 
Broccoli leaf extract 0.5 % Ground beef patties 4 12  Kim, Cho, and Han, 2013a 
Curry leaf extracts  1 % Pork meat 4 12  Biswas, Chatli, and Sahoo, 2012. 
Broccoli powder extracts 1.5 to 
2 % 
Goat meat nugget 4 21 Banerjee, Verma, Das, Rajkumar, 
Shewalkar, and Nakhede, 2012 
Butterbur leaf extract 0.1 %  Ground beef patties 4 9  Kim et al., 2013b 
Pine bark extracts 1.00 % Cooked beef 4 9  Ahna, Grun, and Mustaphab, 2007 
Ginkgo biloba leaf 
extract 
0.05 % Pork meat ball 4 21  Kobus-Cisowska, Flaczyk, Rudzinska, 
and Kmiecik, 2014 
St John's wort extract 0.0005 % 
0.001 % 
Pork meat 2 50  Sanchez-Muniz et al., 2012 
Mint leaf extract  1 % Pork meat 4 7  Biswas, Chatli, and Sahoo, 2012. 
Avocado seed extract 0.07 % Pork patties 4 12  Rodriguez-Carpena, Morcuende, and 
Estévez, 2011 
Black currant extracts 1 % Pork patties 4 9  Jia, Kong, Liu, Diao, and Xia, 2012 
Rosemary extracts 0.10 % Pork liver patties 4 90  Estevez, Ventanasa, and Cava, 2006 
Rosemary extracts 0.05 % Pork liver patties -21 2  Doolaege, Vossen, Raes, Meulenaer, 
Verhé, and Paelinck, 2012 
Grape seed extracts 0.10 % Mutton slices 4 15  Reddy, Taylor, Zhao, Cherubin, Geden, 
and Ray, 2013 
Grape seed extracts 1.00 % Cooked beef 4 9  Ahna et al., 2007 
Oleoresin rosemary 1.00 % Cooked beef 4 12 Ahna et al., 2007 
Grape seed extracts 0.10 % Pork patties 4 12  Carpenter, O'Grady, O'Callaghan, 
O'Brien, and Kerry, 2007 
Bearberry extracts 0.10 % Pork patties 4 16 Carpenter et al., 2007 
Dried plum and apple 
puree 
3 % and 6 % Cured pork sausage 
patties 
4 28  Nunez de Gonzalez, Boleman, Miller, 
Keeton, and Rhee, 2008 
Fresh and dried plum 
products 
2.5 % or 5 % Pork ham 4 70  Nunez de Gonzalez et al., 2008 
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or fruits as potential antioxidant resources, an effective concentration should be selected, 
then the sensory impact on the product should be examined. 
 
Berries as antioxidants  
In the last two decades, much attention has been given to the nutritional qualities 
of berries, especially those with high levels of antioxidants. Bearberry components were 
confirmed to delay lipid oxidation in raw and cooked pork (Carpenter et al., 2007). 
Cranberry powders were confirmed to exhibit lipid antioxidant activity in mechanically 
separated turkey and cooked ground pork (Lee, et al., 2006). Berries ability to affect 
oxidation in food is due in particular to their content of anthocyanins, carotenoids, and 
ascorbic acid (Pantelidis, Vasilakakis, Manganaris, & Diamantidis, 2007; Kruczek, 
Swiderski, Mech-Nowak, & Krol, 2012). Some studies confirmed that berries are 
significant sources of phenolic compounds and ascorbic acid, but the antioxidant activity 
of these berries was highly correlated with the content of phenolic compounds; only a 
small amount of antioxidant activity was contributed by ascorbic acid (Skrovankova, 
Sumczynski, Mlcek, Jurikova, & Sochor, 2015). Therefore, the antioxidant property of 
dried berries is thought to mainly come from anthocyanin and carotenoid pigments.  
 
Nutritional benefits of berries  
Berries are rich in sugars such as glucose and fructose, low in calories and have 
high mineral contents (calcium, potassium, iron, phosphorus). They are also rich in 
polyphenols, antioxidants, vitamins and fiber, which make berries good options to be 
used as functional ingredients in food products (Falowo, Fayemi, & Muchenje, 2014; 
Sampels, 2013; Skrovankova et al., 2015; Nile & Park, 2014). Berries have been shown 
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to improve cardiovascular risk factors (Basu et al, 2010; Prior et al., 2009), reduce the 
risk of cervical and colon cancers (McDougall, Ross, Ikeji, & Stewart, 2008), manage 
Type II diabetes and early stage hypertension (Cheplick, Kwon, Bhowmik, & Shetty, 
2007), prevent neurodegeneration or other age-related diseases (Rop et al., 2012), and 
prevent ophthalmologic disorders (Dragišić Maksimović, Milivojević, Poledica, Nikolić, 
& Maksimović, 2003). Even though it is not known whether these benefits would be seen 
when using low levels as food antioxidants, consumers may still prefer berries to 
synthetic antioxidant components. Different berries have different ratios of antioxidant 
components (anthocyanin vs carotenoids), since many factors affect their concentration in 
plants (e.g. cultivar, variety, grown location, and environmental conditions). Depending 
on the ratio, they may act as different types of antioxidants (water soluble vs lipid 
soluble) in preventing meat product quality degradation. In order to examine antioxidant 
potential and added nutritional value of native Utah wild berries in meat products, the 
chemical composition of the native Utah wild berries needs to be further studied. 
 
Anthocyanins 
Anthocyanins are considered the most widely distributed class of plant pigments, 
responsible for the reds, blues, and purples of most common berries (e.g. cranberries, 
grapes, blueberries, strawberries) and flowers. They are water-soluble polyphenolic 
compounds that are highly sensitive to pH. They can be pink (at acidic pH; pH < 7), 
purple (neutral; pH ~ 7), greenish-yellow (alkaline pH; 7 < pH < 14), or colorless (pH 
~14) in different solutions (Michaelis, Schubert, & Smythe, 1936). Anthocyanins are 
generally considered to be radical quenching (Type I) antioxidants, capable of scavenging 
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free radicals like 1,1-diphenyl-2-picryl-hydrazyl, alkyl, and hydroxyl radicals (Hwang et 
al., 2011).  
The resulting anthocyanin radical is non-reactive due to the stabilization of the 
radical across the polyphenolic structure. However, research has shown that anthocyanins 
around pH 7.4 are also capable of forming complexes with catalytic metals such as 
copper at the ionized hydroxyl groups of the B rings, thus functioning as metal chelating 
(Type II) antioxidants (Satué-Gracia, Heinonen, & Frankel, 1997). It has been suggested 
that anthocyanins may therefore have multiple antioxidant effects. The general structure 
of anthocyanins is shown in Figure 2.4. 
 
Carotenoids 
Carotenoids are lipid soluble alkene-based pigments accountable for the yellows, 
oranges, and orange-reds of many vegetables and fruits (e.g. carrots, tomatoes, peppers, 
squash, melons), as well as some berries (e.g. currants, buffaloberry). Eight isoprene 
bodies (40 C atoms) form the carotenoid hydrocarbon structure. Many carotenoid 
compounds (Figure 2.5), like α-carotene, β-carotene, and β-cryptoxanthin can also be 
converted to retinol (vitamin A) in vivo and are therefore nutritionally significant  
 
 




Figure 2.5. Structures selected carotenoids such as α-carotene, β-carotene, and β-
cryptoxanthin. 
 
(Mueller & Boehm, 2011). Due to their increased pH stability as compared to 
anthocyanins, carotenoids are commonly used as food pigments and are especially 
important in foods with higher lipid content (e.g. cheese). Carotenoids are radical 
quenching (Type I) antioxidants due to the conjugated double bonds in their structure. 
They are especially important in lipid-containing systems as they readily quench lipid 
radicals by radical addition, electron transfer, or allylic hydrogen abstraction (Mueller & 
Boehm, 2011). The resultant carotenoid radical is stabilized across the alkene and non-
reactive. Research has shown that the high antioxidant activity of some berries species is 
highly correlated to high carotenoid content (Kruczek et al., 2012). There is no evidence 
that suggests carotenoid pigments are capable of interacting directly with catalytic metals. 
Berry powders in meat processing 
There is much interest recently in studying natural antioxidants in meat and meat 
products from fruit-based plants (Ahmad et al., 2015). Raghavan and Richards (2006) 
found concentrated cranberry juice powder (0.32 %) could effectively inhibit lipid 
oxidation in mechanically separated turkey with vacuum packaging during 14 days 
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storage (2 °C). Yogesh, Jha, and Yadav (2012) found curry tree berry was a potential 
source of antioxidant to effectively inhibit lipid oxidation in raw chicken meat 
homogenate during 8 days storage (4 °C). Carpenter et al. (2007) found that bearberry has 
a sufficiently high antioxidant capacity to delay oxidation in raw pork. Additionally, they 
found the use of combing of bearberry powder in cooked pork did not affect the sensory 
quality of pork (Carpenter et al., 2007). Berries are one of the less common natural 
antioxidant sources used in raw poultry and poultry products in previous studies. Studies 
examining the effect of berries, berry extracts, and berry powders on the quality aspects 
of meat products (such as color, microbial growth, lipid oxidation, and protein oxidation) 
will provide supportive information to understand the potential of native dried berry 
powders as natural antioxidant. Moreover, despite the exhaustive literature on the 
antioxidant potential of commercially important berries or extracts of berries showing a 
high antioxidant level, little information exists on many native Utah berry species.  
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EFFECT OF FREEZER STORAGE ON THE ANTIOXIDANT 
ACTIVITY, ANTHOCYANIN CONTENT AND CAROTENOID 
CONTENT OF SELECTED UTAH 
NATIVE WILD BERRIES 
Abstract 
Antioxidant activity, anthocyanin content and carotenoid content were determined 
for four species of native wild freeze-dried berry powders (FBPs) grown in Utah, 
including skunkbush (Rhus trilobata), chokecherry (Prunus virginiana), river hawthorn 
(Crataegus douglasii) and silver buffaloberry (Shepherdia argentea), after processing 
and storage at -20 °C for 2, 4 and 6 months. The order of averaged total oxygen radical 
absorbance value (ORAC) during the six months storage was buffaloberry (241.3 ± 39.5), 
river hawthorn (241.3 ± 43.2), skunkbush (208.6 ± 57.4), and chokecherry (165.6 ± 38.2) 
in mmol/g trolox equivalent dried weight (DW). River hawthorn had the highest initial 
hydrophilic ferric reducing antioxidant potential value (FRAP; 203 mmol Fe(II)/g in DW; 
p < 0.05) among tested berries. Total ORAC values and hydrophilic FRAP values did not 
significantly change in all FBPs during the 6 month storage period (p > 0.05). There was 
no significant change in hydrophilic FRAP for river hawthorn or chokecherry during 
storage, whereas the hydrophilic FRAP value for skunkbush and buffaloberry increased 
significantly during storage. Little Type II antioxidant activity, measured as iron 
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chelating capacity, was seen in these FBPs. Anthocyanin content was positively 
correlated with hydrophilic ORAC value in these FBPs (p < 0.05). Future studies are 
needed to investigate other major antioxidant components that could provide antioxidant 
activities in these FBPs.  
 
Introduction 
Antioxidants are substances that can be added in food to delay the oxidation of 
compounds in food products, to maintain food quality and to increase shelf life. The 
usage of butylated hydroxyanisole and butylated hydroxytoluene, or other synthetic 
antioxidants has decreased due to the preference of consumers for clean labels, with 
“natural” or organic food ingredients and additives that have familiar names and are 
commonly perceived as providing health benefits (Joppen, 2006). Research to evaluate 
natural antioxidants by determining the antioxidant components, content and activity, and 
monitoring the changes of these properties during storage has been promoted extensively 
because of this consumer interest. Plant tissues have been examined as potential 
antioxidants since they have developed antioxidant systems to fight with constant 
oxidative stress from free radicals, reactive oxygen species, heat, light and transition 
metals (Sharma, Jha, Dubey, & Pessarakli, 2012). Spices rich in polyphenolics, 
flavonoids, lignans, and terpenoids (like basil, ginger, garlic, onion, and cinnamon), fruits 
rich in polyphenolics (like bearberry, cranberry, grape seed extract, plum, and 
pomegranate), and plants that are rich in phenolic compounds (like pine bark extract, 
rosemary, oregano) were demonstrated to exhibit antioxidant effects in meat and poultry. 
For a detailed review, see Karre, Lopez, and Getty (2013). 
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The variety of antioxidant compounds produced in berries includes anthocyanins, 
carotenoids, and other phenolic compounds that can provide free radical termination 
through the transferring an electron or H atom, removal of metal ions by chelation, and 
deactivation of singlet oxygen by scavenging (Brewer, 2011). Anthocyanins are water-
soluble pigments which are very sensitive to pH (Michaelis, Schubert, & Smythe, 1936). 
They have multiple antioxidant effects, like radical quenching as Type I antioxidants 
(Hwang et al., 2011) and chelating catalytic metals as Type II antioxidants (Satué-Gracia, 
Heinonen, & Frankel, 1997). Carotenoids are lipid soluble alkene-based pigments that are 
generally more stable than anthocyanins. Carotenoids are radical quenching (Type I) 
antioxidants that can readily quench lipid radicals by electron transfer or hydrogen 
abstraction (Mueller & Boehm, 2011). 
The antioxidant content in commercially-grown berries like blackberries (Rubus 
fructicosus), blueberries (Vaccinium myrtilloides and related species), raspberries (Rubus 
idaeus), cranberries (Vaccinium macrocarpon), and strawberries (Fragaria x ananassa) 
has been extensively studied (Sellappan, Akoh, & Krewer, 2002; Skupień & Oszmiański, 
2004; Zheng & Wang, 2003; Kevers, Falkowski, Tabart, Defraigne, Dommes, & 
Pincemail, 2007). In addition to these commercial berries, there has been an increasing 
trend to study wild growing berries as a way of attracting interest for commercial 
production. Novel wild varieties such as chokecherry (Prunus viginiana), Saskatoon 
berries (Amelanchier alnifolia), sea buckthorn (Hippophae rhamnoides), and silver 
buffaloberry (Shepherdia argentea), have been studied in more recent years (Green & 
Low, 2013; Li et al., 2014; Ridel, Choksi, Wyzgoski, Scheerens, Schwartz, & Reese, 
2013).   
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Utah is host to a wide variety of native berries, such as skunkbush (Rhus 
trilobata), chokecherry (Prunus virginiana), river hawthorn (Crataegus douglasii) and 
silver buffaloberry (Shepherdia argentea). These species grow in the Uinta Basin, a high 
mountain dessert region of eastern Utah and western Colorado (Figure 3.1). Currently no 
studies to determine the antioxidant content of skunkbush or river hawthorn have been 
published. While some researchers have examined chokecherry and varieties of 
buffaloberry (Green & Low, 2013, Ridel et al., 2013), there is no information available 
for these berries growing in the unique climate conditions experienced in eastern Utah. 
As antioxidant content is an important parameter with respect to natural antioxidants 
quality, it is of great interest to evaluate the antioxidant content and activities (quenching 
or chelating) of these berries. Additionally, to promote commercial interest in their use, 









Materials and methods 
Materials 
Ferrous chloride (FeCl2) and sodium fluorescein were purchased from Fisher 
Scientific (Fairlawn, NJ). Sodium acetate•3H2O, Ammonium acetate, and glacial acetic 
acid were purchased from Sigma Scientific (St. Louis, MO). Ascorbic acid, 2, 4, 6-
tripyridyl-s-triazine (TPTZ), Ferrozine assay, and 2, 2’-Azobis (2-amidinopropane) 
dihydrochloride (AAPH) were purchased from Acros Organics (Morris Plains, NJ). 6-
hydroxy-2, 5, 7, 8-tetramethylchroman-2-carboxylic acid (Trolox®) was purchased from 
Denmark (NJ, USA). Black-sided plates were purchased from Corning Life Sciences 
(Wilkes Barre, PA). 300 mM, pH 3.6 Acetate buffer were formulated by combing sodium 
acetate•3H2O (3.1 g) with glacial acetic acid (16 ml), and then diluted into 1 L distilled 
deionized (DDI) water, and adjusted to pH 3.6 and stored at 4 °C. 
 
Plant materials  
Four native wild-growing berries were harvested during the last week of Sept 
2016 in Duchesne County, UT, U.S.A. Duchesne county has an altitude about 5500 feet, 
with an average temperature 21.8 ºF (with a normal 20 ºF) and total precipitation 0.11 
inch during 2016 (with a normal precipitation at 0.55 inch; U.S. climate data). They were 
immediately chilled and held below 4 °C during transport to the Utah State University 
campus in Logan, Utah, where they were stored at -80 °C for further use. Frozen berries 
were then separated into three portions and freeze-dried. Freeze dried berries were 
ground into powders using a spice and nut grinder (Cuisinart, Stamford, CT). Final 
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Freeze-dried berry powders (FBPs) were sealed in vacuum pouches and were held at -
20 °C and analyzed at 0, 2, 4 and 6 months of storage. 
 
Extractions  
Anthocyanin and carotenoid extraction followed the protocols outlined in Brown, 
Culley, Yang, Durst, and Wrolstad (2005) with modification. Briefly, 70 mg samples of 
FBPs were weighed into 1.5 ml centrifuge tubes then 700 μl of 1:1 purified acetone:1M 
Tris-sodium chloride buffer (pH 6.5) was mixed into the tubes. The mixture was then 
vortexed using a 12-810 Vortexer (Fisher Scientific, Fairlawn, NJ) for 3 minutes. To 
deactivate polyphenol oxidase, vortexed samples were held in a boiling water bath for 10 
minutes, then the samples in tubes were cooled on ice. 250 μl of chloroform (CHCl3) was 
mixed into tubes, and the mixture was vortexed for 2 minutes followed by centrifugation 
at 13,000 x g for 15 minutes at room temperature. The CHCl3 layer was transferred to an 
amber vial, capped and cooled on ice. The remaining aqueous fraction of the mixture was 
then mixed with another 400 μl of CHCl3 and vortexed another 2 minutes, then 
centrifuged at 13,000 x g for 15 minutes at room temperature. The aqueous layer was 
collected and held for further preparation for anthocyanin analysis. The CHCl3 portions 
were combined into the amber vial and evaporated under a nitrogen stream without 
heating using a Pierce Reacti-Therm III N2 evaporator (Thermo Fisher Scientific, 
Waltham, MA). Carotenoids were re-suspended in 1 ml of MeOH after complete 
evaporation and held at 4 °C for carotenoid analysis. After solvent extraction, the 
remaining aqueous fraction was added to 1 ml of DDI water, vortexed for 2 minutes and 
followed by room temperature centrifugation at 13,000 x g for 15 minutes.  
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Antioxidant determinations 
Anthocyanin content was measured by the pH differential method (Lee, Durst, & 
Wrolstad, 2005) using a Shimadzu UV-Vis Spectrophotometer (UV-2100U, Shimadzu 
Corp., Tokyo, Japan). Absorbance values at 520 nm and 700 nm were measured, and the 
anthocyanin content was calculated as cyanidin-3-glucoside (extinction coefficient 26900 
L/cm/mg; 449.2 g/mol; Jurd & Asen, 1966). Total carotenoid content was measured by 
the protocols adapted from Brown et al. (2005) with modification by Biehler, Mayer, 
Hoffmann, Drause, and Bohn (2010). A scan from 400 nm to 700 nm was taken on the 
carotenoid extract with MeOH used as a blank. The maximum absorbance value from 
400 nm to 550 nm was selected for each sample. The equation from Van Breemen (2001) 
was used to calculate the total carotenoid concentration (μg/100g dry weight basis), 
where 2480 is the OD450 of 1% w/v zeaxanthin in methanol solution:  
 
Carotenoid content (ug/100g) = Amax x 2480 x 10 μg/μl x 1000 μl/sample wt (g) x 100 
 
Type I antioxidant activity 
To determine total Type I antioxidant activity, it was necessary to use two 
different testing methods. Oxygen radical absorbance capacity (ORAC) determines the 
capacity of an antioxidant working as radical chain breaking antioxidant by measuring its 
H atom transfer activity (Ou, Hampsch-Woodill, & Prior, 2001). Ferric reducing 
antioxidant potential (FRAP) measures antioxidant compounds that act by electron 
transfer (Thaipong, Boonprakob, Crosby, Cisneros-Zevallosc, & Byrnec, 2006). 
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Hydrophilic and lipophilic ORAC 
Hydrophilic and lipophilic ORAC sample extraction followed the protocols 
outlined in Brown et al. (2005) with modification. Briefly, 20 mg samples of FBPs were 
weighed into a 1.5 ml centrifuge tubes and mixed with 1 ml 75 mM phosphate buffer (pH 
7.4).  The tubes were vortexed for 3 minutes, followed by room temperature 
centrifugation at 13,000 x g for 15 minutes. The aqueous layer was collected as 
hydrophilic ORAC extract. The remaining residue was then mixed with 50 % Acetone (1 
ml; 1:1 acetone to 75 mM phosphate buffer) and vortexed another 3 minutes, followed by 
centrifugation at 13,000 x g for 15 minutes. The acetone layer was used as lipophilic 
ORAC extract.  
The ORAC assay was modified from previous work of Tansawat, Maughan, 
Ward, Martini, and Cornforth (2013). Briefly, fluorescein was used as the fluorogen, 
Trolox was used as the standard, and AAPH was used as the radical generator. The 
hydrophilic or lipophilic extract was diluted up to 100 times as needed to be within the 
limit of the standard curve range of the Trolox. Hydrophilic or lipophilic diluted extract 
(25 μL), Trolox standard solution (pH 7.4, 75 mM phosphate buffer for hydrophilic assay 
or 50 % acetone for lipophilic assay; 6.25, 12.5, 25, 50, or 100 μM), or blank (phosphate 
buffer or 50 % acetone) were added to each well of a 96 well polypropylene micro-titer 
plate. Then fluorescein (0.004 mM; 150 μL) was added to each well and warmed at 37 °C 
for 10 min, followed by addition of AAPH solution (153 mM.; 25 μL). The fluorometer 
(Infinite M200, Tecan®, Durham, NC) parameters were set as follows: excitation 
reading: 485 nm, emission wavelength: 520 nm, time intervals: 1 min, and time period: 1 
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hour. The final hydrophilic and lipophilic ORAC values were calculated by using the area 
under the curve as compared to the standard curve of the Trolox.  
 
Hydrophilic and lipophilic FRAP 
FRAP was measured based on the previous work of Benzie and Strain (1996) 
with modification. Acetate buffer (300 mM; pH 3.6; 100 ml), TPTZ solution (10 mM of 
2,4,6-tri [2-pyridyl]-s-triazine; 10 ml), FeCl3 solution (20 mM; 1 ml), and DDI water (12 
ml) were mixed together in a dedicated plastic bottle as FRAP reagent and incubated in a 
water bath at 37 °C until dissolved. In a cuvette, DDI water (30 μL), diluted anthocyanin 
extract, diluted carotenoid extract, or FeCl2 standard (0.1 mM, 0.2 mM, 0.4 mM, 0.6 mM, 
0.8 mM and 1mM) and FRAP reagent (1 ml) were mixed thoroughly. Then the solution 
was immediately moved into 37 °C water bath and kept for 4 min and measured at 
absorbance 593 nm using a UV-Vis spectrophotometer. Each sample and the standard 
value were corrected by subtraction of the absorbance of the water solution. Linear 
regression for the standards was used to construct the standard curve, then sample values 
were calculated using the regression equation. Data were expressed as mM Fe(II)/g of the 
sample. 
 
Type II antioxidant activity 
Iron binding capacity 
About 0.25 g FBPs was mixed with 5 ml of 0.2 mg iron/ml iron standard (ferrous 
chloride, JT Baker, Philipsburg, NJ) in a clear glass tube. Samples were shaken for 2 
hours on a VWR 200 Rocking platform rocker (VWR international, Randnor, 
Pennsylvania) at room temperature. After shaking, samples were filtered through 
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Whatman qualitative grade 1 filter papers (125 mm; GE healthcare, Springfield Mill, 
UK). The glass tubes were rinsed with water (2.5 ml) twice to collect all the iron solution 
in the tubes. A target concentration sample was made using the iron standard but no berry 
powder. The Ferrozine assay (Carter, 1971) was used to determine the total iron content 
of the filtrates. Briefly, 0.1 ml of sample solution, target concentration sample solution, or 
ferric chloride standard (2, 4, 6, 8, 10 ug iron/ml) was mixed with ascorbic acid (0.25 ml; 
0.02 % in 0.2 N HCl; made fresh daily). The mixture was vortexed and let set for 10 
minutes. Then 30 % ammonium acetate (0.4 ml) were added and vortexed. Finally, 1 mM 
Ferrozine (0.25 ml) in DDI water was mixed. Vortexed solution was set in dark for 15 
minutes. Absorbance at 562 nm was tested by spectrophotometer as a measurement of 
total iron concentration. Each berry powder was tested four times, and each filtrate was 
assayed in duplicate. Iron binding capacity, in µg iron/g dried berries, was calculated 
based on the concentration of iron in the target sample. Each sample, target sample and 
the standard value were corrected by subtraction of the absorbance of the water solution. 
Linear regression for the standards was used to construct the standard curve, then sample 
values were calculated using the regression equation. Filtrates without addition of 
ascorbic acid were prepared and measured to determine the percentage of ferrous iron left 
in the final filtrates. This value was used to assess the ability of each berry powder to 
prevent (or reverse) the oxidation of the ferrous iron standard to its ferric form.  
 
Statistical analysis 
Analysis of variance was analyzed using SAS University Edition (SAS Institute, 
Inc., Cary, NC, USA). In all experiments, one-way analysis of variance, in combination 
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with Tukey’s test for individual comparisons, was performed to evaluate the effects of 
freezer storage. The significance level used was p < 0.05. Pearson product moment 
correlations were performed using proc CORR function to check the linear correlation 
between different characteristics. Correlation was performed on all berries during the 
whole storage period. Three berry powder portions were used to test anthocyanin, 
carotenoids, ORAC and FRAP values for each berry during storage.  
 
Results and Discussion 
Anthocyanins and Carotenoids  
Change in total anthocyanin content in FBPs during six months freezer storage is 
shown in Figure 3.2. Berries with a deep red color, such as chokecherry and river 
hawthorn, had higher anthocyanin content than the orange red skunkbush and silver 
buffaloberry (See Figure 3.3 for berries color). Chokecherry and river hawthorn were 
found to contain 308.48 ± 6.18 mg/100g and 265.50 ± 14.13 mg/100g anthocyanin, 
respectively, at the beginning of the storage period. Anthocyanin content was also found 
to be high in chokecherry collected in Saskatchewan, Canada which were reported to 
contain 195-285 mg/100g anthocyanins in fresh fruit (Green & Low, 2013).  
 
 
Figure 3.2. Anthocyanin content of berry powders as affected by storage (-20 °C).  
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Figure 3.3. Color of different dried berries harvested in Utah. 
 
 
The anthocyanin-rich berries, chokecherry and river hawthorn, showed a 
significant decrease during freezer storage (p < 0.05; Figure 3.2). Anthocyanin content in 
chokecherry significantly decreased after four months of -20 °C storage as compared to 
the initial content, and anthocyanin content in river hawthorn had significantly decreased 
by six months storage (Figure 3.2; See Appendix A for detailed statistics). Anthocyanin 
in freeze dried raspberries during 9 months storage decreased significantly (at least 23 %) 
at room temperature (Syamaladevi, Sablani, Tang, Powers, & Swanson, 2011). 
Anthocyanin in freeze dried wild blue berry also decreased significantly during long term 
storage, but decreased more slowly at lower temperature (Fracassetti, Del Bo’, Simonetti, 
Gardana, Klimis-Zacas, & Ciappellano, 2013). Johnson, Thomas, and Greenlief (2015) 
suggested that anthocyanin content of frozen American elderberry fruit juice significantly 
decreased due to the enzymatic degradation and non-enzymatic polymerization of 
anthocyanin and proanthocyanidins. The decrease of anthocyanin in vacuum packaged 
FBPs at – 20 °C in this study may be also explained by these two reasons since no 
treatment was applied to inactivate enzymes prior to cold storage and proanthocyainndins 




The change in carotenoid content during storage in skunkbush, river hawthorn, 
chokecherry, and buffaloberry is shown in Figure 3.4. Carotenoid content was highest in 
the silver buffaloberry (45.28 ± 4.90 mg/100g). This range is in agreement with the 
previous reports of buffaloberry harvested in September in North and South Dakota from 
wild plants (Ridel et al., 2013). The lowest carotenoid content was found in chokecherry 
(0.28 ± 0.07 mg/100g). The carotenoid levels in these four FBPs did not change 
significantly during the six months of frozen storage (p > 0.05; Figure 3.4).  
 
Type I Antioxidant activity 
Hydrophilic and lipophilic ORAC 
Hydrophilic ORAC value (Table 3.1) represents water-soluble antioxidants 
capability to quench radicals by H atom transfer. Skunkbush had the lowest hydrophilic 
ORAC value (105.9 ± 10.7 mmol/g (Trolox equivalent (TE)). There was no significant 
difference among hydrophilic ORAC values of chokecherry (167.4 ± 25.0), river 
hawthorn (206.0 ± 15.3), and silver buffaloberry (182.7 ±16.3) in mmol/g TE at the 
beginning of the storage. Even though the hydrophilic ORAC value showed a decreasing 
trend during storage, this was not significant for any berries. There was no anthocyanin  
 
 
Figure 3.4. Carotenoid contents of berry powders as affected by storage (-20 °C).  
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detected in buffaloberry despite its high hydrophilic ORAC value (182.7±16.3 mmol/g 
TE) in dried berry. This may be explained by the high ascorbic acid value (209 mg/100g 
fresh fruit) that has been reported in buffaloberry (Green & Low, 2013). Other 
hydrophilic ORAC-active compounds in fruit extracts (e.g. ascorbate, sugars) can also 
contribute to the ORAC measurements (Kalt, Lawand, Ryan, MacDonald, Donner, & 
Forney, 2003). 
Lipophilic ORAC (Table 3.1) represents lipid soluble antioxidants capacity to 
quench radicals by H atom transfer. Lipophilic ORAC values were lower than 
hydrophilic ORAC values for all berry powders. Skunkbush had the highest lipophilic 
ORAC value whereas the chokecherry had the lowest (125.8 ± 1.8 and 35.8 ± 14.1 
mmol/g TE, respectively; p < 0.05). Lipophilic ORAC values for skunkbush and river 
hawthorn berries showed a significant decrease during frozen storage. However, there 
was no significant change seen for chokecherry or buffaloberry. 
The combined ORAC values measure all potential of the antioxidants in berries to 
quench radicals via hydrogen transfer. The order of averaged total ORAC during the six 
months storage was buffaloberry (241.3 ± 39.5), river hawthorn (241.3 ± 43.2), 
skunkbush (208.6 ± 57.4), and chokecherry (165.6 ± 38.2) in mmol/g TE in dried berries. 
There was no significant change in Total ORAC values in all FBPs during the 6 month 
storage period (p > 0.05; Figure 3.5). 
 
Hydrophilic and lipophilic FRAP 
As shown by hydrophilic FRAP values (Table 3.2), the water-soluble antioxidants 
in river hawthorn have the greatest potential for electron transfer. There was no 
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Table 3.1 
Oxygen Radical Absorbance Values in Berry Powders during Storage (-20 °C). 
Berriesa 
Hydrophilic ORAC (mmol/ g Trolex equivalent DWb) 
Initial 2 months 4 months 6 months 
Skunkbush 105.9 ± 10.7 C 117.6 ± 18.4 B 141.3 ± 31.7 A 145.2 ± 33.5 A 
Hawthorn 167.4 ± 25.0 AB 121.8 ± 8.4 AB 128.1 ± 12.8 A 135.3 ± 7.5 A 
Chokecherry 206.0 ± 15.3 A 159.8 ± 14.1 AB 172.3 ± 6.1 A 179.6 ±9.5 A 
Buffaloberry 182.7 ± 16.3 AB 206.9 ±29.4 A 182.0 ± 9.9 A 151.6 ± 17.1 A 
Berries 
Lipophilic ORAC (mmol/ g Trolox equivalent DW) 
Initial 2 months 4 months 6 months 
Skunkbush 125.8 ± 1.8 X 64.4 ± 3.0 X*  78.7 ± 12.4 X 55.6 ± 14.4 X  
Hawthorn 35.8 ± 14.1 Z    44.8 ± 3.7 X    14.9 ± 4.9 Y    14.3 ± 6.9 Y   
Chokecherry 91.8 ± 20.8 Y   60. 8 ± 9.5 X     52.5 ± 0.2 X*  42.1 ± 16.7 X 
Buffaloberry 74.8 ± 5.7 Y   51.7 ± 6.2 X   68.9 ± 4.8 X  46.6 ± 0.9 X  
a.Values represent mean +/- standard deviation at a given time point (n=3). ABC shows 
significantly different in hydrophilic ORAC (p < 0.05) within same column. XYZ shows 
significantly different in lipophilic ORAC (p < 0.05) within same column.  
b.DW=dried weight. 
Asterisk (*) denotes first significantly different value (p < 0.05) vs initial reading for the 
given system (within rows). No asterisk means value did not significantly change as 
compared to initial reading.  
 
 
Figure 3.5. Total oxygen radical absorbance value values of berries as affected by storage 




Table 3.2  
Ferric Reducing Antioxidant Potential Value in Different Berries during the Storage (-
20 °C). 
Berriesa 
Hydrophilic FRAP (mmol Fe(II)/g DWb) 
Initial 2 months 4 months 6 months 
Skunkbush 36.12±0.64 C 39.74±3.76 D 86.39±22.38 C 108.79±16.01 B* 
Hawthorn 149.10±4.01 AB 182.86±2.58 B 179.69±76.4 AB 127.99±2.00 B 
Chokecherry 203.49±5.04 A 260.13±18.46 A 215.54±9.04 A 219.46±3.74 A 
Buffaloberry 92.31±5.06 BC 117.54±6.93 C 158.69±13.58 AB* 245.72±7.26 A 
Berries 
Lipophilic FRAP (mmol Fe(II)/g DW) 
Initial 2 months 4 months 6 months 
Skunkbush 8.51±0.38 X 9.36±0.16 X 8.08±0.89 X 8.80±0.36 X 
Hawthorn 4.56±0.67 Y 5.53±0.35 Y 4.72±0.51 Y 4.61±0.70 Y 
Chokecherry 9.67±0.47 X 11.05±0.51 X 9.63±1.47 X 9.79±1.24 X 
Buffaloberry 7.14±1.84 X 7.34±0.74 X 6.93±1.27 X 6.48±0.33 X 
a.Values represent mean +/- standard deviation at a given time point (n=3). ABC and 
XYZ show significantly different in hydrophilic FRAP and lipophilic FRAP (P<0.05), 
respectively.  
b.DW=dried weight. 
Asterisk (*) denotes first significantly different value (p < 0.05) vs initial reading for the 
given system (within rows). No asterisk means value did not significantly change if 
compared to initial reading.  
 
 
significant change in hydrophilic FRAP for river hawthorn or chokecherry during 
storage, whereas the hydrophilic FRAP value for skunkbush and buffaloberry increased 
significantly during storage. The increase in hydrophilic FRAP may be due to formation 
of more hydrophilic antioxidant during storage from the enzyme activity. Cordenunsi, 
Genovese, Nascimento, Hassimotto, Santos, and Lajolo (2005) found that ascorbic acid  
synthesis took place during the cold storage postharvest stage in strawberries.  An 
increase in ascorbic acid would increase the hydrophilic FRAP due to the ability of 
ascorbic acid to serve as an electron donor.  It is possible that a similar effect was 
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observed in the FBPs examined in the current study. All berry powders had lower 
lipophilic FRAP values as compared to their hydrophilic FRAP values. Chokecherry 
contained the lowest lipophilic FRAP value of the four berries, and all other berries 
contained similar lipophilic FRAP activity (p > 0.05). The lipophilic FRAP activity was 
stable during the six-month frozen storage period (p > 0.05).  
Overall the river hawthorn and buffaloberry contained the highest ORAC and 
FRAP values, which indicated that they were more efficient for use as food antioxidants. 
The total ORAC and FRAP value was stable in most of the FBPs during the six months 
of frozen storage. 
 
Correlations 
Anthocyanin and carotenoids were negatively correlated to each other (p < 0.05) 
with a correlation coefficient of -0.51 (Table 3.3). It indicated that the test berries 
contained either high level of anthocyanin or high level of carotenoids. Both pigments 
were found in chokecherry and river hawthorn. However, skunkbush and buffaloberry 
contained high level of carotenoids while no anthocyanin was detected in these berries. 
Carotenoid-rich tissues containing little anthocyanin were also found in apples 
(Lancaster, Grant, Lister, & Taylor, 1994), apricots, and tomato (Sass-Kiss, Kiss, 
Milotay, Kerek, & Toth-Markus 2005). ORAC and FRAP methods were selected to 
measure the different antioxidant activities in different FBPs. The ORAC assay can be 
used to estimate the antioxidant capacity of anthocyanins in food products by measuring 
the reaction between the anthocyanin and peroxyl radicals (Wang, Cao, & Prior, 1997). 
However, correlation was not found in the current study between anthocyanin and  
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Table 3.3 
Correlations for Antioxidant Content and Activity Measurements a. 


























a Pearson correlation coefficients (r-values).  
 
hydrophilic ORAC value in the test berries (Table 3.3; p > 0.05). This is not consistent 
with previous studies which found correlations between anthocyanin content and 
hydrophilic ORAC in high bush blueberry (Ehlenfeldt & Prior, 2001) and ripe blueberry 
(Prior et al., 1998). However, Kalt et al. (2003) found total phenolic content was strongly 
correlated to the hydrophilic ORAC, but not with anthocyanin content in the Highbush 
blueberries during ripening and storage. Reasons to explain no correlation between 
anthocyanin and hydrophilic ORAC may be due to the presence of other phenolic 
components or hydrophilic antioxidant compounds in the berries which could contribute 
to the hydrophilic antioxidant capacity in native wild Utah berries. Kalt et al. (2003) 
suggested that other hydrophilic ORAC-active compounds in fruit extracts (e.g. 
ascorbate, sugars), varietal differences and degree of ripeness can obscure the 
contribution of specific components to the ORAC measurements. Interestingly, even 
though anthocyanin did not correlate to hydrophilic ORAC, it was negatively correlated 
with lipophilic ORAC (p < 0.05). The lipophilic ORAC may be provided by other lipid 
soluble components such as carotenoids or other lipid soluble antioxidants.  
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Anthocyanin also contributes to hydrophilic FRAP measurement values. There 
was a correlation between anthocyanin content and hydrophilic FRAP value (p < 0.05) 
which agrees with the previous studies. Brito, Areche, Sepúlveda, Kennelly, and 
Simirgiotis (2014) examined extracts of Chilean edible berries and found a strong linear 
correlation between total anthocyanin content and hydrophilic FRAP (R2 = 0.9914). 
Since FRAP measures the ability of antioxidants to donate electrons, the correlation 
demonstrates anthocyanins can delay oxidation by donating electrons.  
Carotenoid content did not show correlation with lipophilic ORAC measurement 
nor with FRAP (p > 0.05). This partly agrees with a study of guava fruit extracts (0.78 to 
2.93 mg carotenoid/100 g; Thaipong et al., 2006) that found no significant correlation 
between carotenoids and lipophilic ORAC, though carotenoid content was strongly 
negatively correlated to FRAP value (correlation coefficient of -0.73). Carotenoids were 
positively correlated with hydrophilic ORAC in these berries. However, carotenoids are 
lipid soluble antioxidants in berries, while hydrophilic ORAC is expected to be 
contributed by hydrophilic chemical compounds.  
 
Type II antioxidant activity 
The iron binding capacity and percentage of ferrous iron remaining in the filtrates 
from the FBPs are shown in Table 3.4. Skunkbush had the greatest ability to bind iron (39 
µg iron per 1 gram of FBPs). Ferrous iron had completely oxidized to ferric iron in the 
target sample (0 % Ferrous iron remaining; no FBP used), whereas at least some ferrous 




Iron Binding Capacity, % Ferrous Iron Remaining, and pH 
Berriesa 
Iron binding capacity 
(µg /g) 
Ferrous iron remaining 
 (%) 
pH 
Skunkbush 39.15±2.43 A 21.36±5.79 C 3.13±0.01 X  
Chokecherry 17.38±2.54 B 13.44±2.83 C 3.06±0.04 X 
River hawthorn 9.33±1.32 C 33.31±3.98 B  2.22±0.06 Y 
Buffaloberry 9.00±2.33 C 99.85±2.28 A 2.18±0.07 Y 
a.All values represent the mean ± standard deviation (n=4). Values sharing letters within 
columns, but not between are not significantly different (p > 0.05).ABC, DEF and XYZ 
show significantly different in iron binding capacity, ferrous iron remaining and pH (p < 
0.05), respectively. Iron binding capacity is given in mg iron bound per g FBPs 
material. % ferrous ion remaining is calculated by total ferrous iron in the filtrate over 
total iron in the filtrate. pH was measured for 0.25g FBPs in 10 ml water.  
 
Morgan and Lahav (2007) studied the kinetics of the oxidation of ferrous species to ferric 
iron by O2 and found that the rate of oxidation of ferrous becomes very low below pH 4 
and is fundamentally independent of pH below this level. While buffaloberry showed the 
least iron binding capacity, it preserved almost all the ferrous iron (99.85%) during the 
two-hour shaking period. The reducing ability may be contributed by the ascorbic acid in 
the buffaloberry since ascorbic acid is known to be a reductant (Elmagirbi, Sulistyarti, & 
Atikah, 2012). Green and Low (2013) found buffaloberry in Saskatchewan, Canada 
contained high levels of ascorbic acid (211 mg/g fruit). 
Research has shown that some anthocyanins are capable of removing catalytic 
metals such as copper and functioning as metal chelating (Type II) antioxidants around 
pH 7.4 (Satué-Gracia et al., 1997). However, in the current study no correlation between 
iron binding and anthocyanin content was seen (p > 0.05; See appendix A). This may be 
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due to the low observed pH values for the berry powders. Satué-Gracia et al. (1997) 
suggested that lower pH reduces the ability of hydroxyl groups to ionize and may impair 
metal chelation. Additionally, there may be other compounds in the berry powders that 
contribute to the iron binding capacity, like fiber (Hajeb, Sloth, Shakibazadeh, Mahyudin, 
& Afsah-Hejri, 2014). There was also no correlation between carotenoid level and iron 
binding ability in the test berries. This agrees with Mueller and Boehm (2011) that 
carotenoids are considered to be radical quenching (Type I) antioxidants. Iron binding 
capacity evaluations were only performed at the initial time point (not after frozen 
storage) since little overall metal chelating capacity was seen.  
 
Conclusion 
The antioxidant content and antioxidant activities of skunkbush (Rhus trilobata), 
chokecherry (Prunus virginiana), river hawthorn (Crataegus douglasii) and silver 
buffaloberry (Shepherdia argentea) were determined. Six months of frozen storage in 
dark did not significantly decrease the total antioxidant activities (combined ORAC and 
FRAP) and carotenoid content in the FBPs. The anthocyanin content in the chokecherry 
and river hawthorn started to decrease by four months frozen storage. The results suggest 
all the test berries could be used as antioxidants, especially river hawthorn and 
buffaloberry. In addition to anthocyanins and carotenoids, other antioxidants are likely 
present in these native berries. Additional research is needed to identify and quantitate 
additional antioxidants, and to examine the effect of the berries in food systems. Frozen 
storage in vacuum packaging at -20 °C preserves the majority of the active antioxidant 
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components of FBPs and would be a convenient and accessible method for industry to 
store berry powders for later use.  
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ANTIOXIDANT POTENTIAL OF NATIVE UTAH BERRIES 
ON RAW GROUND MEATS AND THEIR EFFECTS  
ON COLOR, PH AND MICROBIAL LOAD   
 
Abstract 
Lipid and myoglobin oxidation are the most common form of non-microbial meat 
deterioration. The objective of this study was to examine effectiveness of native Utah 
berries in preventing quality loss (color, lipid oxidation, oxymyolobin loss) in ground 
poultry and ground beef and whether they would impact microbial quality of these meats. 
Samples of ground beef chuck or ground boneless and skinless chicken thigh were 
packaged with 0.5 % or 1 % (w/w) freeze-dried Utah river hawthorn or silver 
buffaloberry powders. Samples were held at 4 °C and analyzed at days 1, 4, 7, 10 and 14. 
Dried river hawthorn berry and silver buffaloberry powders at low concentration (0.5 % 
or 1 %) were found to delay the oxidation of lipid in both meat products. Myoglobin 
oxidation was delayed only in beef with 1 % silver buffaloberry. Neither berry 
significantly changed the instrumental color of ground beef patties nor increased the 
aerobic bacterial growth in ground meat. However, silver buffaloberry increased redness 




Quality deterioration due to chemical and microbial changes is a great concern for 
the meat industry. Lipid and heme-containing protein changes are the most common non-
microbial forms of meat deterioration (Kanner, 1994). The oxidation of fat and protein in 
meat during handling, processing, and storage leads to undesirable color, odor, flavor, 
texture, and even nutritional value change (Fernandez, Perej-Alvarez, & Fernandez–
Lopez, 1997; Xiong, 2000). These changes adversely affect consumer acceptability, 
limiting meat storage time and thereby affecting marketing and distribution (Sampels, 
2013).  
To maintain quality and reduce color loss, antioxidants can be incorporated into 
meat products during processing (Bolumar, Andersen, & Orien, 2011; Hernández, Ponce, 
Jaramillo, & Guerrero, 2009). But the potential toxicity related to synthetic antioxidants 
has led to a decline in consumer acceptance (Juntachote, Berghofer, Siebenhandl, & 
Bauer, 2006). For this reason, there has been increased interest in studying the use of 
natural antioxidants in meat products (Kumar, Yadav, Ahmad, & Narsaiah, 2015). Spices 
rich in polyphenolics, flavonoids, lignans, and terpenoids (e.g. basil, ginger, garlic, onion, 
and cinnamon), fruits rich in polyphenolics (e.g. bearberry, cranberry, grape seed extract, 
plum, and pomegranate), and plants that are rich in phenolic compounds (e.g. pine bark 
extract, rosemary, oregano) have been shown to exhibit antioxidant effects in meat and 
poultry products (for a detailed review see Karre, Lopez, & Getty, 2013). However, 
Kumar et al. (2015) indicated that use of natural antioxidants in industry was still distant 
due to the limited information about their effects in different meat products. 
72 
Native North American tribes have traditionally used dried native wild berries in 
pemmican, which is a meat product composed mostly of large quantities of bison fat and 
dried, pounded meat to boost the flavor and nutritional value of the end product (Colpitts, 
2015). Besides the flavor and nutritional value that berries can provide to meat products, 
they also show high antioxidant effect on delaying oxidation in meat product. Raghavan 
and Richards (2006) found concentrated cranberry juice powder (0.32 %) could 
effectively inhibit lipid oxidation in mechanically separated turkey with vacuum 
packaging during 14 days storage (2 °C). Yogesh, Jha, and Yadav (2012) found curry tree 
berry effectively inhibited lipid oxidation in raw chicken meat homogenate during 8 days 
storage (4 °C). Carpenter, O'Grady, O'Callaghan, O'Brien, and Kerry (2007) found that 
bearberry has a sufficiently high antioxidant capacity to delay oxidation in raw pork. 
Therefore, dried native wild berry powders could be considered as potential meat 
additives. 
Besides the antioxidant efficacy in different meat products, other impacts of 
antioxidants on the meat products should be also considered. Color is an important aspect 
that needs to be considered. Hunter L* (light - dark), a* (redness - greenness), and b* 
(yellowness - blueness) are commonly used to evaluate meat color. Redness, which is 
commonly measured by Hunter a* value in meats, is important to beef color (Olivera, 
Bambicha, Laporte, Cardenas, & Mestorino, 2013). But natural antioxidants may possess 
drawbacks when used in meats, like the addition of undesirable color. Grape seed extract, 
pine bark extract, plum products, rosemary, and some spices have been shown to impact 
the color of finished meat or poultry products as compared to those that were not treated 
with additives (for a detailed review see Karre et al., 2013). Therefore, when testing 
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natural plants or fruits as potential antioxidant sources, the desired concentration should 
be selected, and visual impact on the product should also be considered. 
Wild-growing berries like river hawthorn (Crataegus douglasii) have been shown 
to contain a high level of water-soluble anthocyanins and silver buffaloberry (Shepherdia 
argentea) have been shown to contain high level of lipid-soluble carotenoids (See 
Chapter 3). The potential usage of these native wild berries as antioxidants in ground 
meat products has not been reported previously. It is unknown what level of dried berry 
powder can be used in different ground meats to provide antioxidant function, but 
without negatively impacting color or other quality factors. The objective of this study 
was to examine the effect of low concentration of river hawthorn and silver buffaloberry 
on the quality of ground meat (including lipid oxidation, instrumental color change, 
oxymyoglobin (MbO2) remaining, and microbial growth).  
 
Materials and Methods 
Preparation of berry powders 
River hawthorn and silver buffaloberry were harvested in Duchesne county, Utah 
in the last week of September 2016. They were immediately chilled and held below 4 °C 
during transport to the Utah State University campus in Logan, Utah, where they were 
frozen and stored at -80 °C. Frozen berries were then separated into three portions and 
freeze-dried. Freeze-dried berries were ground into powders using a spice and nut grinder 
(Cuisinart, Stamford, CT). Final berry powders were sealed in vacuum pouches and were 
stored at -80 °C for 4 months before use.  
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Preparation of ground patties 
Fresh beef chuck was purchased vacuum packaged from a local harvest plant and 
stored in a cooler at 4 °C overnight before grinding. Frozen chicken thigh (without bone, 
without skin, Grade-A quality) was bought in 40 lb packages from a local retail grocery 
store. Visible fat and tissue were trimmed from meats before grinding. A coarse plate 
(0.32 cm) was used with a Hobart grinder model (Hobart Mfg. Co., Troy, OH, USA) to 
grind the meat.  
 
Fat and iron content 
Beef or chicken meat samples were packaged in vacuum bags and frozen (-80˚C) 
to hold for determination of iron and fat content of the tissue. The iron and fat content 
were analyzed using Ferrozine assay (Carpenter & Clark, 1995) and Goldfish method 
(Nielsen, 2010) respectively. Briefly, 1.8 g freeze-dried samples were weighed in 
aluminum weigh boats then put into an extraction thimble. 50 ml of anhydrous petroleum 
ether was added to an extraction beaker and attached to a Goldfish fat extractor 
(Labconco Corp., Kanans City, MO). Samples were extracted overnight. After extraction, 
extraction beakers (to determine fat content) and the meat residues in the weigh boats (to 
use for further iron analysis) were heated in an oven at 100 °C for 30 minutes. Fat content 
was calculated as % fat on dry weight basis and then converted to fresh basis.  
Dry ashing procedures were applied to the dried meat residues at 600 °C 
overnight in a muffle furnace. The resulting ash was dissolved in several drops of 2.5 N 
HCl and then rinsed with 0.1 N HCl and transferred to 20 ml 0.1 N HCl. Then 0.1ml of 
sample solution or ferric ammonium sulfate standard (2, 4, 6, 8, 10 ug iron/ml; JT Baker 
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Philipsburg, NJ) were mixed with 0.25 ml ascorbic acid (made fresh the day of the 
analysis, 0.02 % in 0.2 N HCl). The mixture was vortexed to mix thoroughly then 
allowed to sit for 10 minutes. Then 0.4 ml 30% ammonium acetate was added and 
vortexed. Finally, 0.25 ml 1 mM Ferrozine in DI water was mixed. Vortexed solution was 
set in dark for 15 minutes. Absorbance at 562 nm was tested by a Shimadzu UV-Vis 
2600/2700 spectrophotometer (Shimadzu Corp., Tokyo, Japan) as a measurement of total 
iron concentration. Linear regression for the standards was used to construct the standard 
curve, then sample values were calculated using the regression equation.  
 
Preparation of Meat Patties 
Berries were mixed with ground meat by hand and then ground two more times 
using the same plate and grinder to evenly disperse powder throughout in the ground 
meat. Ground meat (1000 g) was mixed with either 5 g (A5; 0.5 %) or 10 g river 
hawthorn berry (A10; 1 %), or 5 g (C5; 0.5 %) or 10 g silver buffaloberry (C10; 1 %). 
The moderate usage levels (0.5 % or 1 %) were chosen based on levels used in previous 
studies on the use of natural antioxidants in meat products (see reviews of Karre et al., 
2013; Ahmad et al., 2015). Meat sample that had been passed through the grinding plate 
three times without any berries was used as a control. Ground meat (about 130 gram) was 
weighed and shaped into a patty using a circular form from a Hollymatic patty machine 
(Hollymatic Corp., Park Forest, IL, USA) then packaged. To allow all surfaces of the 
meat sufficient contact with oxygen, the patties were placed on reusable fiberglass 
furnace filters (3M Center, St. Paul, MN, USA) that had been wrapped in a single layer of 
PVC film (O2 permeability = 8400 cm3/ (24 h x m2 x atm.) at 23 °C; water vapor 
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transmission = 83 g/ (24 h x m2) at 23 °C and 50 % relative humidity) and then packaged 
in trays and wrapped in PVC film. Patties were stored at 4 °C for 14 days without light 
and checked on 1, 4, 7, 10 and 14 days for instrumental color (L*, a*, and b*), total 
aerobic count (TAC), thiobarbituric acid reactive substances (TBARS), MbO2 and pH. 
Three complete replicates from same package of FBPs were performed on each mixture 
of berry powder types and levels. 
 
Color Determination 
Instrumental Color Measurement. Hunter L*, a* and b* values were measured 
three times per patty using a HunterLab MiniScan portable colorimeter (5 mm diameter 
aperture; Reston, VA, USA). Readings were taken at non-overlapping areas of the sample 
through the PVC film packaging. A single layer of the same PVC film was used to cover 
both white and black standard tiles for the calibration of the colorimeter. Each patty was 
measured three times. The following equation was used to calculate hue angle.  
 
Hue angle = arctangent (b*/a*)       (1) 
 
 
MbO2 Determination.  
The proportion of oxymyoglobin (MbO2) to Metmyoglobin (MetMb) was 
measured using a reflectance attachment on a UV-Vis spectrophotometer. The reflectance 
minima at 545 and 580 nm were chosen to determine the MbO2 content. A piece of 
freshly ground meat from top to the bottom of each patty around the center was selected 
and packed in a 3-ml cuvette tightly to exclude air. And a spectral scan from 450 nm to 
650 nm was performed. Reflectance spectra of samples were measured in duplicate. 
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Relative loss of MbO2 was determined by comparing the ratio of MbO2 to MetMb in each 
sample with the initial ratio of the freshly ground meat.  
Lipid oxidation  
Thiobarbituric acid reactive substances values (TBARS) of raw ground meat were 
measured using a modified method based on Buege and Aust (1978). Briefly, 1.0 g 
ground meat was mixed with TBARS assay (5 ml; 0.375 % w/v thiobarbituric acid, 15 % 
w/v trichloroacetic acid, and 0.25 N HCl). The solution was then incubated in a boiling 
water bath for 10 min and then cooled with tap water. The solution was then centrifuged 
(Beckman Coulter, Inc. Indianapolis, IN) at 5,500 x g at 20 ˚C for 25 min. The 
absorbance of the supernatant was measured at 535 nm. A blank was prepared using 
solution containing all the reagents minus the sample. TBARS values (mg MDA/kg of 
meat) were calculated as follows using an extinction coefficient of 156,000 M-1 cm -1:  
 



















pH values were measured using a portable pH meter (semi-solid food probe; 
HANNA Instruments HI99161, Ann Arbor, MI, USA). The meat patties were allowed to 
equilibrate at room temperature for 30 minutes before taking pH measurements. The pH 
was measured three times and expressed as average values.  
 
Total aerobic counts (TAC) 
Total aerobic counts were measured based on AOAC (1995). Briefly, 
Butterfield’s phosphate was used as diluent, and serial dilutions were made as needed 
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before plating. The diluted solution (1 ml) was plated on Petrifilm aerobic count plates 
(3M Corporation, St. Paul, MN, USA). Plates were incubated following manufacturer 
instructions. TAC was measured in duplicate at desired dilution levels. 
 
Statistical Analysis  
Proc mixed function in SAS University version (SAS Institute, Inc., Cary, NC, 
USA) was selected to calculate Analysis of variance. Proc mixed function was used with 
treatments, time and their interaction as fixed factors and replicate as random factor. The 
significance level used was p < 0.05. Tukey-Kramer adjustment was selected to run the 
post-hoc mean comparisons. Proc CORR function in SAS University version was 
performed to check the linear correlation between all measured values.  
 
Result and Discussion  
Effect on Quality of Ground Beef 
The average fat content for beef chuck used in this study was 10.54 ± 0.05 % and 
average iron content was 18.39 ± 0.63 μg/g of meat. This is within previously reported 
levels (Jaspreet, David, Janet, & Pamela, 2014).  
 
Beef pH 
The pH value for all treatments did not differ significantly within each day (Table 
4.1). The pH of each treatment did not change significantly during storage as compared to 
initial readings. This indicates that the dried berry powders did not lower the beef pH 
during the storage, despite their low natural pH (river hawthorn 2.22; silver buffaloberry 
2.18; see Chapter 3 for more details). Yasosky, Aberle, Peng, Mills, and Judge (1984)  
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Table 4.1 
pH Values in Beef Patties with Different Berry Treatments during Storage (4 °C). 
Treatment 
pH 
Initial   4 day  7 day  10 day 14 day  
  NSb NS NS NS NS 
Controla 5.76±0.10 6.01±0.08 5.83±0.11 5.92±0.15 5.58±0.12 
A5 5.73±0.13 5.98±0.05 5.75±0.06 5.81±0.08 5.51±0.12 
A10 5.75±0.12 5.99±0.06 5.76±0.08 5.80±0.10 5.51±0.11 
C5 5.69±0.09 5.98±0.08 5.80±0.1 5.89±0.13 5.53±0.13 
C10 5.65±0.06 5.90±0.08 5.75±0.11 5.78±0.20 5.42±0.19 
a. Control: ground beef; A5: ground beef with 0.5 % river hawthorn berry; A10: ground 
beef with 1 % river hawthorn berry: C5: ground beef with 0.5 % silver buffaloberry; C10: 
ground beef with 1 % silver buffaloberry.  
b. Values represent mean +/- standard deviation at a given time point (n=3). Values 
sharing letters are not significantly different (p > 0.05). NS means values within same 
column, but not between, are not significant different. 
Asterisk (*) denotes first significantly different value (p < 0.05) vs initial reading for the 
given system (within rows). No asterisk means value did not significantly change as 
compared to initial reading. 
 
found at higher pH (> 6.10), ground pork had lower TBARS value than samples 
at lower pH (5.4-6.1). This agreed with Tichivangana and Morrissey (1985) that TBARS 
values decreased with increasing pH from pH 3 to pH 7 then increased from pH 7 to pH 9 
in fish, turkey, chicken, pork, beef and lamb. It indicates that lipid oxidation is favored at 
lower pH in meat products. Yasosky et al. (1984) also found higher pH did not increase 
MbO2 oxidation since MbO2 content in both high and lower pH ground pork was not 
significantly different. Weglarz (2010) suggested that increase in meat pH caused the  
deterioration of all color parameters including L*, a* and b* in beef m. longissimus 
thoracissince, since there were negative correlations between meat pH and all color 
parameters. However, the r values for these correlations (pH and color) were very low 
(from -0.20 to -0.29). 
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Beef Color  
Table 4.2 shows changes of the instrumental color measurements of the beef 
patties with different treatments over 14 days cold storage. Main effect of treatment was 
not seen in the mean values of different instrumental color measurements in all the 
treatments (p > 0.05). There was no significant difference (p > 0.05) among the mean 
values of different instrumental color measurements at each day in all the treatments. 
This indicates that the different treatments with all berry levels did not significantly affect 
the instrumental color of the beef patties as compared to the control (Hunter L*, a*, b* 
value, and hue angle), meaning adding tested FBPs under 1 % did not impact the color of 
the beef patties. Additionally, similar color changes were seen for treated patties as 
compared to control beef patties during 14-days refrigerated storage.   
Time effect was seen in mean values of a* and hue angle (p < 0.05; see Appendix 
B for detailed statistics). The p value was significant (p = 0.0491) for the main effect of 
time on a* value of the beef patties. It suggested beef redness of beef patties significantly 
decreased over refrigerated storage time. The change of the redness may be affected by 
several factors, which includes ratios of MetMb, deoxymyoglobin (deoxyMb) and MbO2 
in beef, oxidation of the myoglobin and loss of the anthocyanin or carotenoids during the 
storage period examined.  
The p value was also significant (0.0007) for the main effect of time on hue angle 
of the beef patties, and in this case an increasing trend was observed during storage 
(Table 4.1). All hue angle (true redness) in the treatments except A10 had increased 
significantly at day 14. The true redness of A10 increased during the storage (p > 0.05). 
The reason that A10 did not increase significantly as other treatments may be due not  
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Table 4.2  
Color Measurements Values in Beef Patties with Different Berry Treatments during 
Storage (4 °C).  
L* Initial 4 day 7 day 10 day 14 day 
 NSb NS NS NS NS 
Controla 40.3±3.4 35.9±1.8 34.9±5.1 34.3±3.3 38.0±3.6 
A5 40.9±2.9 37.3±2.5 31.5±9.0 31.1±2.6 38.6±4.1 
A10 39.9±2.0 35.9±2.3 31.7±9.2 31.0±1.0 37.5±5.8 
C5 42.6±6.1 36.4±1.7 32.3±7.3 33.5±3.3 39.7±1.7 
C10 43.2±7.7 39.8±3.2 34.8±9.9 36.6±0.7 41.7±2.6 
a* Initial 4 day 7 day 10 day 14 day 
 NS NS NS NS NS 
Control 15.3±1.1 14.9±2.1 17.2±7.1 14.7±1.3 10.8±5.1 
A5 15.5±2.2 16.3±2.6 21.6±7.2 20.6±4.2 12.8±3.8 
A10 15.5±2.0 15.0±0.6 23.8±9.3 20.4±3.0 11.6±1.7 
C5 18.0±1.5 16.9±1.0 21.1±8.5 15.6±3.9 11.4±4.1 
C10 19.4±1.9 16.7±4.2 20.3±4.1 16.1±1.9 9.4±4.4 
b* Initial 4 day 7 day 10 day 14 day 
 NS NS NS NS NS 
Control 13.4±1.3 16.1±1.6 20.8±6.3 18.9±1.0 16.5±3.7 
A5 14.4±1.2 17.3±0.8 23.8±6.8 21.7±3.4 19.3±2.2 
A10 15.5±1.8 16.5±0.7 26.7±8.3 22.4±1.2 16.7±1.4 
C5 15.8±1.2 18.1±0.5 23.8±7.7 18.2±4.6 20.0±4.5 
C10 17.0±2.1 17.2±4.4 23.5±3.1 18.9±3.4 17.2±3.8 
Hue Initial 4 day 7 day 10 day 14 day 
 NS NS NS NS NS 
Control 72.4±7.7 82.7±6.6 89.1±6.2 91.2±3.0 100.8±12.7* 
A5 75.1±4.4 82.0±7.0 83.9±3.1 81.2±3.6 99.3±9.6* 
A10 77.6±2.2 83.3±3.4 85.7±6.7 83.6±4.4 96.4±5.0 
C5 72.1±0.5 82.1±2.8 85.6±4.1 86.3±2.0 106.1±6.1* 
C10 72.0±4.7 79.7±2.3 86.2±3.8 86.3±4.3 109.1±10.4* 
a. Control: ground beef; A5: ground beef with 0.5% river hawthorn berry; A10: ground 
beef with 1% river hawthorn berry: C5: ground beef with 0.5% silver buffaloberry; C10: 
ground beef with 1% silver buffaloberry. 
b. Values represent mean +/- standard deviation at a given time point (n=3). Values 
sharing letters are not significantly different (p > 0.05). NS means values within same 
column, but not between, are not significant different. 
Asterisk (*) denotes first significantly different value (p < 0.05) vs initial reading for the 
given system (within rows). No asterisk means value did not significantly change if 
compared to initial reading during the whole storage time.  
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only to MbO2, but also the higher level of red anthocyanin pigment than other patties. 
The change in red pigment anthocyanin content on the surface of the beef patties could 
indirectly affect the hue angle (true redness) due to the inclusion of a* (redness) in the 
equation to calculate hue angle. It is unlikely that red anthocyanin pigment would affect 
b* (yellowness) in beef patties. No main effect of time was seen in mean values of L* 
and b* (p > 0.05; Table 4.2). The values of Hunter L* and b* for all of the patties did not 
significantly change as compared to initial day values.  
In conclusion, all berry treatments did not negatively impact any color property of 
ground beef during a two-week refrigerated storage as compared to control.  
 
MbO2 Determination  
Remaining MbO2 in beef samples is shown in Table 4.3. Greene, Hsin, and Zipser 
(1971) found that % MbO2 was more closely related to consumer acceptance than was 
total pigment concentration. There was a significant (p < 0.001) decrease in MbO2 
content of ground beef due to time. This was expected since MbO2 oxidizes to MetMb 
during storage. There was no interaction between time and treatment on the mean value 
for MbO2 oxidation (p > 0.05). The most effective treatment to delay MbO2 oxidation 
was C10 (1 % silver buffaloberry in beef patties), since C10 increased the stability of the 
MbO2 for the longest time (10 days), as shown by the time to first significant difference 
as compared to initial readings. Differences as compared to initial readings were seen by 
day 4 for all other ground patty formulations. Control had the lowest MbO2 remaining 
value over the course of the experiment (p > 0.05). But there was no significant 
difference among the MbO2 remaining value of all treatments (p > 0.05) within each test  
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Table 4.3  
Remaining MbO2 % in Beef Patties with Different Berry Treatments during Storage 
(4 °C).  
Treatment 
Relative MbO2 (%) 
Initial   4 day  7 day  10 day 14 day  
  NSb NS NS NS NS 
Controla 91.0±0.5 58.9±5.2* 59.7±9.2 53.8±12.3 34.2±7.3 
A5 96.9±1.4 70.8±15.0* 67.5±4.2 66.7±2.7 37.9±9.9 
A10 96.5±2.7 71.6±2.7* 75.6±7.2 69.9±4.0 41.1±6.1 
C5 93.5±3.9 70.5±12.1* 69.1±10.2 60.8±10.8 38.2±3.7 
C10 92.9±1.5 77.8±9.7 76.9±7.2 64.4±6.2* 44.1±4.7 
a. Control: ground beef; A5: ground beef with 0.5% river hawthorn berry; A10: ground 
beef with 1% river hawthorn berry: C5: ground beef with 0.5% silver buffaloberry; C10: 
ground beef with 1% silver buffaloberry.  
b. Values represent mean +/- standard deviation at a given time point (n=3). Values 
sharing letters are not significantly different (p > 0.05). NS means values within same 
column, but not between, are not significant different. 
Asterisk (*) denotes first significantly different value (p < 0.05) vs initial reading for the 
given system (within rows). No asterisk means value did not significantly change as 
compared to initial reading. 
 
day. It suggested that higher level of river hawthorn and buffaloberry might be needed to 
significantly delay the oxidation of MbO2.  
The protective effect that berry powders have on MbO2 may be due to their lipid 
antioxidant activity. Eugenol and rosmarinate were shown to effectively delay lipid 
oxidation and stabilize red color in beef patties during refrigerated storage (Allen & 
Cornforth, 2010). Clove, rosemary and cassia bark extracts effectively inhibited lipid 
oxidation and prevented MbO2 oxidation in cooked pork patties during refrigerated 
storage (Kong, Zhang, & Xiong, 2010). Du-Zhong leaf extract at 0.1 % has been found to 
stabilize Hunter a* value and delay the oxidation of MbO2 in pork patties (Xu, Tang, Li, 
Liu, Li, & Dai, 2010). The reason that C10 could more effectively stabilize the MbO2 
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may be due to its higher antioxidant activity (Ferric reducing antioxidant potential 
(FRAP) 252 mmol Fe(II)/ g; Oxygen radical absorbance value (ORAC) 198.2 mmol/ g 
Trolox equivalent) than river hawthorn (FRAP 132 mmol Fe(II)/ g; ORAC 149.6 mmol/ 
g Trolox equivalent; details see Chapter 3).  
 
Beef Lipid Oxidation 
All antioxidants effectively prevented lipid oxidation in beef patties as compared 
to the control after day 4 (Table 4.4). Both river hawthorn berry and silver buffaloberry 
powders effectively delayed lipid oxidation even at 0.5 % level. The TBARS value of the 
control increased significantly at day 10 as compared to initial reading, while TBARS 
value for beef patties treated with berry powders did not significantly change during the 
two-week period. The TBARS values for the river hawthorn berry and silver buffaloberry  
 
Table 4.4 
Thiobarbituric Acid Reactive Substances Valuesab in Beef Patties with Different Berry 
Treatments during Storage (4 °C).  
Treatment 
TBARS (mg MDA/kg of meat) 
Initial 4 day 7 day 10 day 14 day 
  NSb NS       
Controla 0.32±0.08 0.96±0.46 1.11±0.45 B 1.37±0.72 B* 2.30±0.75 B 
A5 0.28±0.02 0.40±0.06 0.31±0.01 AB 0.32±0.03 A 0.39±0.05 A 
A10 0.39±0.07 0.45±0.26 0.47±0.13 AB 0.41±0.02 A 0.38±0.09 A 
C5 0.22±0.14 0.15±0.03 0.18±0.03 A 0.22±0.11 A 0.35±0.09 A 
C10 0.18±0.12 0.13±0.03 0.17±0.06 A 0.17±0.06 A 0.28±0.03 A 
a. Control: ground beef; A5: ground beef with 0.5 % river hawthorn berry; A10: ground 
beef with 1 % river hawthorn berry: C5: ground beef with 0.5 % silver buffaloberry; C10: 
ground beef with 1% silver buffaloberry.  
b. Values represent mean +/- standard deviation at a given time point (n = 3). Values 
sharing letters are not significantly different (p > 0.05). NS means values within same 
column, but not between, are not significant different. 
Asterisk (*) denotes first significantly different value (p < 0.05) vs initial reading for the 
given system (within rows). No asterisk means value did not significantly change as 
compared to initial reading.  
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were constantly low during the entire storage period. This suggests that river hawthorn 
and silver buffaloberry at even 0.5 % level could function as natural antioxidants in 
ground beef. Previous studies also found that natural antioxidant extracts at low 
concentration from herbs, plants and fruits could function as antioxidant and control the 
TBARS value of beef during storage. Ginger rhizomes and genugreek extract (0.05 %), 
extracts of rosemary, sappanwood, and red or white peony (0.25 %), butterbur leaf 
extract and broccoli powder extract (0.5 %) effectively delayed the oxidation of ground 
beef patties for up to 12 days, 6 days and 12 days respectively (Mansour & Khalil, 2000; 
Han and Rhee, 2005; Kim, Cho, & Han, 2013). Dried berry powders contain similar 
chemical antioxidant components as natural extracts. However, dried berry powders 
maybe more acceptable to consumers as they were not subjected to an extraction or 
purification step, unlike the extracts used in these previous studies.  
 
Microbial Load 
The aerobic plate count results are shown in Table 4.5. There was no main effect 
of treatment on TAC mean values (p > 0.05) indicating that berry powders did not 
prevent aerobic microbial growth as compared to the control. However, this also indicates 
that berry powders did not introduce additional bacteria into the meat system. At day 10, 
all the beef patties showed significant microbial growth as compared to initial levels. 
Time effect was seen in TAC values (p < 0.05) and there was an increasing trend for 
TAC values. All the beef patties were able to maintain microbiological quality (log cfu/g 




Total Aerobic Plate Count Values in Beef Patties with Different Berry Treatments during 
Storage (4 °C).  
Treatment 
TAC (log CFU/g) 
Initial   4 day  7 day  10 day 14 day  
  NSb NS NS NS NS 
Controla 3.49±0.51 3.72±0.41 4.29±0.23 4.89±0.43* 5.57±0.55 
A5 3.18±0.26 3.32±0.13 4.00±0.32 4.83±0.40* 5.44±0.64 
A10 3.41±0.38 3.57±0.51 4.15±0.07 4.82±0.45* 5.29±0.68 
C5 3.27±0.22 3.36±0.32 4.13±0.12 4.60±0.45* 5.39±0.48 
C10 3.24±0.27 3.42±0.27 3.97±0.35 4.49±0.20* 5.09±0.53 
a. Control: ground beef; A5: ground beef with 0.5 % river hawthorn berry; A10: ground 
beef with 1 % rver hawthorn berry: C5: ground beef with 0.5 % silver buffaloberry; C10: 
ground beef with 1 % silver buffaloberry.  
b. Values represent mean +/- standard deviation at a given time point (n=3). Values 
sharing letters are not significantly different (p > 0.05). NS means values within same 
column, but not between, are not significant different. 
Asterisk (*) denotes first significantly different value (p < 0.05) vs initial reading for the 
given system (within rows). No asterisk means value did not significantly change if 
compared to initial reading. 
 
 
Correlations in beef  
% MbO2 value has an inverse non-linear relationship with TBARS (p < 0.05; r = -
0.43807) and non-linear relationship with a* (p < 0.01, r = 0.46036) and pH (p< 0.05; r = 
0.31017) using the Pearson correlation (Table 4.6). Yin et al. (2011) found TBARS 
byproducts could significantly increase (p < 0.05) MetMb formation at 4 °C. This is 
consistent with the current study, where beef had a higher TBARS value with a lower 
remaining % MbO2. The low r value between a* and % MbO2 could be due to the 
addition of anthocyanin and carotenoids, because % MbO2 was not the only pigment that 





Correlations for Beef System Measurements.  
 MbO2 TBARS pH 
a* 0.46** -0.26** 0.19 
MbO2  -0.44** 0.31** 
TBARS   0.78 
*p < 0.05, **p < 0.01. 
 
 
Effect on Quality of Chicken 
The average fat content for chicken thighs used in this study was 4.11 ± 0.39 % and 
average iron content was 6.38 ± 0.24 μg/g of meat. This was within normally accepted 
levels (Jaspreet et al., 2014).  
Chicken pH  
Main effect of time on ground chicken patties pH was seen (p < 0.05; Table 4.7).  
 
Table 4.7  
pH Value for Chicken Patties with Different Berry Treatments during Storage (4 °C).  
Treatment 
pH 
Initial 4 day 7 day  10 day  14 day  
  NSb NS NS NS NS 
Controla 6.63±0.11 6.63±0.01 6.82±0.12 7.19±0.11* 7.42±0.19 
A5 6.62±0.11 6.58±0.01 6.63±0.05 6.96±0.23 7.27±0.27* 
A10 6.56±0.12 6.57±0.02 6.57±0.07 6.86±0.02 7.05±0.03* 
C5 6.47±0.09 6.51±0.24 6.46±0.08 6.91±0.07* 6.65±0.24 
C10 6.51±0.16 6.51±0.16 6.01±0.34 6.23±0.31 6.62±0.12 
a. Control: ground chicken; A5: ground chicken with 0.5 % river hawthorn berry; A10: 
ground chicken with 1 % river hawthorn berry: C5: ground chicken with 0.5 % silver 
buffaloberry; C10: ground chicken with 1 % silver buffaloberry.  
b. Values represent mean +/- standard deviation at a given time point (n=3). Values 
sharing letters are not significantly different (p > 0.05). NS means values within same 
column, but not between, are not significant different. 
Asterisk (*) denotes first significantly different value (p < 0.05) vs initial reading for the 
given system (within rows). No asterisk means value did not significantly change as 






Overall, there was an increasing trend for pH. pH in control and C5 had significantly 
increased by day 10, and by day 14 in A5 and A10. In conclusion, the dried berry 
powders did not affect the chicken pH if compared to control during the storage. 
Chicken Color  
The color measurements (L*, a*, b*) for different formulas of chicken patties  
during storage are shown in Table 4.8. Lightness value (L*) and yellowness value (b*) of 
poultry patties between all systems were not significantly different at each day. Main 
effect of treatment was seen in redness (a*) for the poultry patties (p < 0.05). Samples 
containing 1 % silver buffaloberry powders had significantly higher a* values than the 
control at day 1 and day 7. Though not significant, higher redness (a*) values seen in 
berry treatments may be due to the higher concentration of red pigment anthocyanin in 
the river hawthorn and orange-red carotenoids in the silver buffaloberry, see Chapter 3 
for details. This is different than the observation in beef due to low Mb content of 
chicken. Myoglobin content in beef (3 years; 4.60 mg/g) is much higher than its in 
poultry white (26 weeks; 0.1; Miller, 1994). The redness (a*) mean value of carotenoids 
rich silver buffaloberry patties was higher than the anthocyanin rich river hawthorn 
patties or control at day 1 and day 7 in this study (p < 0.05). Moreover, anthocyanin rich 
river hawthorn did not significantly increase the redness of chicken patties as compared 
to control at each time point during the two-week refrigerated storage time. The color of 




Table 4.8  
Color Measurements Values in Chicken Patties with Different Berry Treatments during 
Storage (4 °C). 
L* Initial 4 day 7 day  10 day 14 day 
  NSb NS NS NS NS 
Controla 46.8±1.9 43.0±0.6 44.3±1.0 50.5±0.8 50.4±6.5 
A5 47.9±3.6 41.8±2.9 44.3±2.9 48.8±1.4 51.7±1.0 
A10 44.3±2.4 39.2±1.6 43.3±0.8 49.7±1.3 52.8±1.3* 
C5 51.4±1.2 42.9±0.6* 44.4±2. 50.3±1.0 50.5±3.6 
C10 51.0±2.8 43.0±0.7* 43.3±0.7 51.8±2.9 50.7±1.9 
a* Initial 4 day 7 day  10 day 14 day 
    NS   NS NS 
Control 1.0±0.7 B 3.8±0.5 1.3±0.4 C 0.1±0.8 -0.2±0.5 
A5 1.9±0.6 AB 2.8±0.8 1.1±0.2 C 0.1±0.5 0.6±0.9 
A10 2.7±0.8 AB 4.0±0.6 1.6±0.9 C 0.3±0.8 0.3±1.7 
C5 2.8±0.6 AB 6.4±1.4 3.3±0.2 B 1.4±0.8 2.3±1.5 
C10 4.3±0.7 A 5.5±2.1 6.8±0.3 A 2.9±0.7 3.3±0.9 
b* Initial 4 day 7 day  10 day 14 day 
  NS NS NS NS NS 
Control 12.5±1.2 16.1±3.0 12.5±0.9 11.5±1.4 12.6±2.8 
A5 13.4±1.4 14.4±2.8 11.9±1.0 11.2±0.9 13.5±0.2 
A10 14.6±2.2 15.2±4.0 11.7±0.2 12.0±0.4 14.1±0.3 
C5 13.8±1.5 18.3±3.2 13.7±0.5 12.5±0.5 14.5±0.4 
C10 14.5±1.1 16.2±1.7 15.1±1.0 13.5±1.2 14.2±1.6 
a. Control: ground chicken; A5: ground chicken with 0.5 % river hawthorn berry; A10: 
ground chicken with 1 % river hawthorn berry: C5: ground chicken with 0.5 % silver 
buffaloberry; C10: ground chicken with 1 % silver buffaloberry.  
b. Values represent mean +/- standard deviation at a given time point (n=3). Values 
sharing letters are not significantly different (p > 0.05). NS means values within same 
column, but not between, are not significant different. 
Asterisk (*) denotes first significantly different value (p < 0.05) vs initial reading for the 
given system (within rows). No asterisk means value did not significantly change if 
compared to initial reading. 
 
 
pink to purple (Michaelis, Schubert, & Smythe, 1936). This may explain why in chicken  
patties (6 < pH < 7), anthocyanin rich river hawthorn powders had less impact on redness 
of these chicken patties than carotenoids rich berry powders.  
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In conclusion, the test berries at low levels (0.5 % or 1 %) did not significantly 
affect the lightness and yellowness of the chicken patties if compared to control. But the 
dried silver buffaloberry (45.28 ± 4.90 mg/100g carotenoids; see chapter 3 for details) at 
1 % could affect the redness of the chicken patty surface during storage. 
 
MbO2 remaining 
Relative loss of MbO2 was not significant (p > 0.05) for any of the poultry 
samples (Table 4.9), indicating that its MbO2 did not significantly change during   
refrigerated storage (Table 4.9). This result was in agreement with previously reported 
results (Khan, Allen, & Wang, 2015) where no decreases were seen in MbO2 content  
 
Table 4.9 
MbO2 % Remaining in Chicken Patties with Different Berry Treatments during Storage 
(4 °C).  
Treatment 
Relative MbO2 (%) 
Initial 4 day 7 day 10 day 14 day 
  NSb NS NS NS NS 
Controla 98.71±0.54 99.15±1.09 98.41±5.03 95.44±3.84 92.59±8.27 
A5 98.77±0.25 98.50±2.64 97.73±0.90 94.46±2.46 95.19±2.88 
A10 99.16±1.04 96.98±0.73 96.12±0.67 94.41±1.19 89.59±3.40 
C5 97.92±1.48 95.01±3.91 92.35±8.06 91.37±2.35 91.07±2.27 
C10 94.42±2.34 95.36±2.21 95.25±5.96 91.66±1.20 90.88±5.32 
a. Control: ground chicken; A5: ground chicken with 0.5 % river hawthorn berry; A10: 
ground chicken with 1 % river hawthorn berry: C5: ground chicken with 0.5 % silver 
buffaloberry; C10: ground chicken with 1 % silver buffaloberry.  
b.Values represent mean +/- standard deviation at a given time point (n=3). Values 
sharing letters are not significantly different (p > 0.05). NS means values within same 
column, but not between, are not significant different. 
Asterisk (*) denotes first significantly different value (p < 0.05) vs initial reading for the 
given system (within rows). No asterisk means value did not significantly change if 




over ten days of refrigerated storage in chicken. Chicken is known to be less susceptible 
to lipid oxidation (Min & Ahn, 2009). Lipid oxidation byproducts, like 4-
hydroxynonenal, an α, β-unsaturated aldehyde, have been shown to significantly 
accelerate (p < 0.05) the formation of MetMb of seven different meat-producing poultry 
and mammal species at 25 and 4 °C (Yin et al., 2011). Therefore, with less lipid 
oxidation by products accumulating, less MbO2 oxidation would be expected. 
 
Chicken Lipid Oxidation 
TBARS values for ground chicken patties are shown in Table 4.10. TBARS value 
for control had significantly increased by day 10 while all other treatments delayed the 
significant oxidation to day 14 or later. It indicates that all the berry treatments had a 
positive effect on delaying the lipid oxidation in chicken. There was an increasing trend 
 
Table 4.10 
Thiobarbituric Acid Reactive Substances for Chicken Patties with Different Berry 
Treatments during Storage (4 °C).  
Treatment 
TBARS (mg MDA/kg of meat) 
Initial 4 day 7 day 10 day 14 day 
        NSb NS 
Controla 0.04±0.01 A 0.04±0.02 A 0.06±0.04 A 0.16±0.01* 0.25±0.3 
A5 0.09±0.03 AB 0.10±0.02 AB 0.09±0.02 AB 0.18±0.09 0.24±0.01* 
A10 0.16±0.01 B 0.15±0.02 B 0.18±0.02 B 0.18±0.04 0.24±0.01 
C5 0.09±0.02 AB 0.07±0.02 AB 0.10±0.03 AB 0.14±0.07 0.19±0.03 
C10 0.07±0.02 AB 0.06±0.02 AB 0.11±0.05 AB 0.12±0.04 0.22±0.01* 
a. Control: ground chicken; A5: ground chicken with 0.5 % river hawthorn berry; A10: 
ground chicken with 1 % river hawthorn berry: C5: ground chicken with 0.5 % silver 
buffaloberry; C10: ground chicken with 1 % silver buffaloberry.  
b. Values represent mean +/- standard deviation at a given time point (n = 3). Values 
sharing letters are not significantly different (p > 0.05). NS means values within same 
column, but not between, are not significant different. 
Asterisk (*) denotes first significantly different value (p < 0.05) vs initial reading for the 
given system (within rows). No asterisk means value did not significantly change if 
compared to initial reading. 
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for TBARS in the ground chicken during storage, as expected. After 14 days, the TBARS 
values in ground beef control reached 2.34 mg MDA/kg of meat, while TBARS values in 
ground chicken control were 0.3 mg MDA/kg of meat. This is consistent with previous 
study under similar conditions, showing that raw poultry was less susceptible to lipid 
oxidation than red meats (Min & Ahn, 2009). All the TBARS values in chicken were 
under 0.2 mg MDA/kg of meat. Similar results were also seen by Chouliara, Karatapanis, 
Savvaidis, and Kontominas (2007) who found low TBARS in chicken (0.1 to 0.9 
MDA/kg of chicken) during 25 days of storage at 4 °C. Previous studies (Rhee, 1999; 
Wood, Enser, Richardson, &Whittington, 2007) suggested that due to the ratio of 
different unsaturated fatty acids (mono or poly) and the number and position of double 
bonds, meats from different species present different degree of susceptibly to lipid 
oxidation.   
TBARS is usually related to off-odors. Greene and Cumuze (1982) suggested the 
TBARS threshold value of consumer acceptability in beef is 2, while higher than 2 
indicated strong off odors and high rancidity development present in beef. Chouliara, 
Karatapanis, Savvaidis, and Kontominas (2007) found with a low TBARS value (0.36 
MDA/kg to 0.9 MDA/kg of meat), the odor might also be unacceptable for chicken in 
sensory testing. During storage, slight off odor and rancidity was noticed. By day 7, a 
strong off odor was evident despite the low TBARS values of the ground chicken patties 
in our study. The intensive odor may be due to the microbial growth (> 7 log cfu/g in 
meat, see below), but rancidity was also noticed from these chicken patties. It agreed with 
Chouliara, Karatapanis, Savvaidis, and Kontominas (2007) that people in sensory testing 




TAC values for different chicken patties formulations are shown in Table 4.11. 
Main effect of treatments on microbial growth in chicken patties was not seen (p < 0.05). 
There was no significant difference between all the treatments and the control, within a 
given day. Main effect of time on microbial growth in chicken patties was seen (p < 
0.05). There was an increasing trend for microbial growth in chicken patties as expected. 
The TAC value for all treatments had significantly increased by day 7. The TAC number 
also reached and exceeded 7-log CFU/g, and the poultry patties exhibited off odors and 
sliminess by day 7. The microbial spoiling of poultry was much faster than for ground 
beef in this study. This is partly due to the microbial quality of the meats used (initial 3.3  
 
Table 4.11 
Total Aerobic Plate Count Value for Chicken Patties with Different Berry Treatments 
during Storage (4 °C).  
Treatment 
TAC (log CFU/g) 
Initial 4 day 7 day  10 day  14 day  
  NSb NS NS NS NS 
Controla 4.33±0.19 4.66±0.18 6.79±0.45* 7.43±0.45 7.57±0.36 
A5 4.37±0.26 4.82±0.25 6.94±0.17* 7.35±0.42 7.77±0.42 
A10 4.26±0.10 4.83±0.40 6.98±0.25* 7.32±0.54 7.89±0.13 
C5 4.18±0.17 4.95±0.31 6.96±0.23* 7.32±0.52 7.44±0.46 
C10 4.31±0.11 4.16±0.16 6.91±0.34* 7.39±0.52 7.86±0.30 
a. Control: ground chicken; A5: ground chicken with 0.5 % river hawthorn berry; A10: 
ground chicken with 1 % river hawthorn berry: C5: ground chicken with 0.5 % silver 
buffaloberry; C10: ground chicken with 1 % silver buffaloberry. Average: the average 
value over 14 days. 
b. Values represent mean +/- standard deviation at a given time point (n=3). Values 
sharing letters are not significantly different (p > 0.05). NS means values within same 
column, but not between, are not significant different. 
Asterisk (*) denotes first significantly different value (p < 0.05) vs initial reading for the 
given system (within rows). No asterisk means value did not significantly change as 




log cfu/g for beef, 4.3 log cfu/g for chicken). Moreover, ground poultry thigh maybe 
more susceptible to bacterial growth than beef due to its higher initial pH (initial 5.7 for 
beef, 6.5 for chicken; Kasuga, 2005). 
 
Correlations in Chicken 
Unlike beef, a* (redness) in chicken was not correlated to MbO2 (Table 4.12). 
Chicken contains less myoglobin as compared to beef (Min & Ahn, 2009). Redness of 
chicken in this study might be more dependent on the color of anthocyanin or carotenoids 
added to the ground chicken patties. As seen for beef, TBARS of chicken has an inverse 
non-linear with a* and MbO2. It suggests that lipid oxidation maybe a major factor  
impacting redness and % MbO2 remaining in the ground chicken. Lipid oxidation 
byrproduct like 4-hydroxynonenal, was proven to significantly accelerate (p < 0.05) the 
formation of MetMb of seven different meat-producing poultry and mammal species at 
both 25 and 4 °C, pH 5.6 (Yin et al., 2011). Trace iron is well known to play an important 
role in lipid oxidation, and researchers have suggested that lipid oxidation further 
accelerates Mb oxidation and resulting color loss (Faustman, Liebler, McClure, & Sun, 
1999). Research focusing on the extent to which trace iron directly influences Mb 
oxidation independent of the effect of lipid oxidation is limited. Allen and Cornforth 
(2007) is the only study to demonstrate the iron effect on Mb oxidation directly. 
However, this study only focuses on how free iron and Type II antioxidants affect 
mammalian Mb oxidation. Whether free iron and Type II antioxidants have similar 




Correlations for Chicken System Measurements.  
 MbO2 TBARS pH 
a* 0.07 -0.42** -0.66** 
MbO2  -0.32** -0.18 
TBARS   0.50** 
*p<0.05, **p<0.01. 
 
pH was not correlated to a* in beef, but in chicken redness (a*) had a negative 
correlation with pH (p < 0.05). Thus, as the pH increased during the storage, the redness 
values decreased in chicken. Yang and Chen (1993) studied the changes in pH and color 
of ground chicken at 3 ºC for 28 days and suggested that raw ground chicken meat color 
is related to pH. They found that as ground chicken pH increased, a* values decreased (p 
< 0.05). Boulianne and King (1995, 1998) compared either 300 pale breast fillets or 300 
dark breast fillets to 300 normal breast fillets from commercial sources. They found that 
pale chicken fillets (with higher pH) showed lower redness value, while dark chicken 
fillets (with higher pH) showed higher redness value than normal chicken fillets. The 
instrumental color can also be directly affected by other parameters like water-holding 
capacity (WHC). Qiao, Fletcher, Smith, and Northcutt (2001) studied the effect of 
chicken breast meat color on pH, moisture and WHC and found that pH is positively 
correlated to WHC. They also found correlation of WHC to a* value in whole breast 
filets. For future chicken color studies, a WHC test should also be considered. pH is not 
correlated to MbO2 in chicken, but it is to MbO2 in beef. This suggests that poultry 
myoglobin stability may be less dependent on pH as compared to beef.  
TBA value in chicken is positively correlated to pH. This result conflicts with 
result of Tichivangana and Morrisse (1985) who found an inverse TBARS/pH 
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relationship in chicken. However, the increase in pH seen in the current study may be due 
to high TAC values. Masniyom, Benjakul, and Visessanguan (2002) found that pH 
increased when ammonia accumulated in tissues and the amino acid byproducts 
decomposed during the spoilage. Similar results were also found by Zhang, Wu, and Guo 
(2016), who found that the pH of raw chicken meat with high bacterial counts increased 
during storage.  
 
Conclusion 
River hawthorn and silver buffaloberry at low levels (0.5 %-1 %) show potential 
for use as antioxidants in both poultry and beef products. They were able to delay lipid 
oxidation as measured by TBARS analysis in ground meat products and did not affect the 
instrumental color value of beef during refrigerated storage. Both berries also did not 
significantly affect the aerobic bacterial growth in ground meat.  
Silver buffaloberry significantly increased the redness of chicken patties (p < 
0.05). When applying natural antioxidant in chicken, the color of the poultry surface 
could be impacted to a greater extent than beef due to the low concentration of 
myoglobin. Lee and Ahn (2005) found 3 % plum extract affected the color of turkey meat 
and might not be attractive to sensory panelists. Zhang, Wu, and Guo (2016) found 
carotenoids rich rosemary and clove extract (0.1 %) could increase the redness of chicken 
filets. The usage of berry products in chicken products should be considered more 
carefully due to the color changes from added berries, which might lead to rejection by 
consumers. 
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Formal sensory test for the color and smell before cooking and color, smell and 
taste after cooking should be also performed to fully investigate the impact of added 
berries on ground meats. Natural berries at lower concentrations could also be 
considered, though it is unknown whether this would delay lipid oxidation.  
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POULTRY MYOGLOBIN OXIDATION IN A MODEL 
SYSTEM AS AFFECTED BY NONHEME IRON 
AND IRON CHELATING AGENTS 
Abstract 
The effect of non-heme iron on poultry myoglobin oxidation at pH 6.0 and pH 7.2 was 
investigated in a lipid-free model system at room temperature. Ferrous iron could 
significantly (p < 0.05) increase oxidation of poultry myoglobin at pH 6.0 and pH 7.2 in 
the lipid free system at day 1. However, Type II antioxidants, like milk mineral (at pH 
6.0) or sodium tripolyphosphate (at pH 6.0 or pH 7.2) could be used to reverse the effect 
of added free iron and therefore inhibit the oxidation of oxymyolgobin.  
 
Introduction 
Trace iron is well known to play an important role in lipid oxidation, and 
researchers have suggested that lipid oxidation further accelerates Mb oxidation and 
resulting color loss (Faustman, Liebler, McClure, & Sun, 1999). 4-Hydroxynonenal 
(HNE), a byproduct of lipid oxidation, can attach covalently to the Mb protein shell at 
three distinct histidine residues (Faustman et al., 1999; Alderton, Faustman, Liebler, & 
Hill, 2003). This results in shifts in tertiary structure and the opening of the heme cleft, 
allowing increased oxidation of MbO2 to MetMb. Moreover, the HNE-MetMb adducts 
are not accessible to enzymatic reduction systems that typically protect against extensive 
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Mb oxidation (Lynch & Faustman, 2000). Research focusing on the extent to which trace 
iron directly influences Mb oxidation independent of the effect of lipid oxidation is 
limited. Allen and Cornforth (2006) is the only study to demonstrate the iron effect on 
Mb oxidation directly. However, this study only focuses on how free iron and Type II 
antioxidants affect mammalian Mb oxidation. Even though all mammalian and poultry 
Mb contain distal and proximal histidine residues, 153 amino acids, and function to carry 
oxygen, their primary structures are different (Deconinck, Peiffer, Depreter, Paul, 
Schnek, & Leonis, 1975). Suman and Joseph (2013) concluded three factors explain the 
differences in color stability from different primary structures: differences in oxidizable 
cysteine residue amounts; differences in accessibility to and size of the heme pocket; and 
substitution ability of the individual amino acid residues impacting heme retention. 
Therefore, whether free iron and Type II antioxidants have similar effects on poultry Mb 
has not been confirmed.  
Type II antioxidants chelate metals such as iron and copper, potentially stabilizing 
the metal into an inactive or insoluble form, limiting their ability to participate in 
reactions such as lipid oxidation. Sodium tripolyphosphate (STPP) forms a tridentate 
complex with ferric ion and stabilizes the iron in a catalytically inactive ferric state 
(Biaglow & Kachur, 1997). It is the most used polyphosphate form in the meat industry, 
because of various functions such as improvement of shelf life by retarding oxidative 
rancidity, stabilizing meat color, and increasing water-holding capacity (Miller, 1998). 
STPP has been shown to limit lipid oxidation in cooked meat (Lee, Hendricks, & 
Cornforth, 1998; Vara-Ubol & Bowers 2001; Liu, Booren, Gray, & Crackel, 1992), raw 
ground pork (Jayasingh & Cornforth, 2004), raw ground poultry (Craig, Bowers, & Seib, 
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1991); Khan, Allen, & Wang, 2015), and fresh ground beef (Allen & Cornforth, 2010). 
Milk mineral (MM) is derived from milk as a byproduct of whey protein concentrates and 
is comprised mainly of insoluble calcium phosphate. It works as a Type II antioxidant, as 
does STPP, by removing iron from the food product to form an insoluble chelate (Allen 
& Cornforth, 2007). It has been shown to delay lipid oxidation in cooked meat products 
(Cornforth & West, 2002; Vasavada & Cornforth, 2005), raw ground pork (Jayasingh & 
Cornforth, 2004), raw ground beef (Vissa & Cornforth, 2006; Allen & Cornforth, 2010), 
and raw ground poultry (Khan et al., 2015).  
The aim of this study was to demonstrate that in the absence of lipid oxidation or 
its by-products, ferrous iron still could increase oxidation of poultry Mb. Chelators were 
added to model systems with no added iron to determine if trace iron affected oxidation 
of poultry Mb.  
 
Materials and Methods 
Samples and Chemicals 
Fresh chicken hearts and gizzards were purchased locally and frozen immediately 
at -20 °C for further use. Ferrous chloride (FeCl2) was purchased from JT Baker 
(Phillipsburg, NJ). STPP, Tris (hydroxymethyl) aminomethane-HCl (Tris), and 2-(4-
morpholine) ethanesulfone acid (MES) were purchased from Fisher Scientific (Fairlawn, 
NJ). Milk mineral was purchased from Glanbia Nutritionals (Trucal D50, Twin Falls, 
ID). Sodium dithionite and bathophenanthroline were purchased from Sigma Scientific 
(St. Louis, MO). Sephadex G-25 Fine beads were purchased from Pharmacia Fine 
Chemicals, Inc. (Piscataway, NJ).  
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Reagent and Buffer preparation.  
Buffer were prepared as described by Allen and Cornforth (2006) with some 
modifications. FeCl2 solution (0.1 mg/ml) was prepared using HCl (0.1 N). MES buffer 
solution (0.04 M) was adjusted to pH 6.0. Tris buffer (0.1 M) were adjusted to final pH 
values of 7.2 or 8.0. MES (pH 6.0) and Tris buffer (pH 7.2) were used for model systems, 
representative of physiological and post-mortem poultry muscle (pH = 7.2 and 6.0, 
respectively; Dransfield & Sosnicki, 1999). Bathophenanthroline solution (0.13 mg/ml) 
was prepared using ethanol and hexane mixture (v/w: 5/95), to remove residual iron from 
buffers (Schlit, 1969). Briefly, after adjusting to the desire pH, the buffer was extracted 
three times with bathophenanthroline solution using a separatory funnel. The residual 
solvent was removed by slow heating (< 100 °C) and then final volume was adjusted 
back to its intial volume with distilled deionized water after cooling.    
 
Purification of MbO2 stock solutions.  
Poultry Mb was purified using the method described by Kranen et al. (1999) with 
some modification. Briefly, myoglobin was extracted from frozen chicken gizzard and 
heart muscle tissue. One pound of frozen chicken gizzards and hearts were partially 
thawed in a 4 °C cold room for 12 hours. After removing fat and connective tissue, the 
muscle tissues were homogenized in Tris buffer (8.0) using a homogenizer (wt/vol ratio = 
2:3) with 1mM EDTA solution. The suspension was centrifuged at 1,500 × g for 15 min 
(4 °C). The supernatant was collected and filtered through a nylon filter and then 
followed by (NH4)2SO4 precipitation (90 %, pH 8.0, room temperature). After additional 
centrifugation at 1,500 × g for 15 min (4 °C), the supernatant was filtered through 0.45 
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µm Nylon Syringe Filters and kept at 4 °C. A large amount of myoglobin was denatured 
after traditional dialysis and freeze-drying procedures, and it became insoluble in water. 
Therefore, dialysis was performed using centrifugal filter units instead of traditional 
dialysis. The dialysis in centrifugal filter units was done according to manufacturer 
manual. Briefly 13 ml of the (NH4)2SO4 protein solution was transferred to 50 ml EMD 
Millipore Amicon™ Ultra-15 Centrifugal Filter Units (molecular size cut off 10,000) and 
was centrifuged at 3,500 × g for 30 minutes (4 °C). 12 ml of DDI water was gently mixed 
with the concentrated solution in the centrifugal filter unit, and centrifugation steps were 
repeated three times until 1 ml of purified myoglobin solution was left. Mb stock was 
stored at 4 °C and prepared into different systems within one day.  
Mb was reduced to deoxymyoglobin (deoxyMb) by mixing with dithionite 
solution (40 mg/ml; 100 μl; Sage, Morikis, & Champion, 1991). The solution was gently 
agitated until a purplish color was observed, which indicated the presence of deoxyMb. 
The purplish solution was passed through Sephadex G25 column (4 cm) to get rid of the 
excess dithionite. After eluting the Mb solution with Tris buffer (pH 8.0), the deoxyMb 
was converted to MbO2 by gently swirling the solution, allowing deoxyMb to come in 
contact with O2 without denaturing. A scan from 400 nm to 700 nm was performed using 
UV2100U spectrophotometer (Shimadzu Corporation, Columbia, MD) to check the 
characteristic MbO2 peaks at 545 and 580 nm (Bowen, 1949). MES (pH 6.0) or Tris 
buffer (pH 7.2) were used to adjust the concentrated MbO2 solution to MbO2 stock (0.1 
mM). Four replicates were performed with fresh MbO2 prepared from chicken hearts and 
gizzards each time.  
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Preparation of myoglobin model system  
Model systems (MS) with different pH (MES, pH 6.0 or Tris, pH 7.2) were 
prepared with a combination of MbO2, FeCl2, and antioxidant (Table 5.1). Systems were 
designed as following: MbO2 (50 μM); Fe (35 μM ; where the ratio of Mb to added iron 
is similar to reported concentrations of Mb and Fe in poultry muscle (Kanner, 
Shegalovich, Harel, & Hazan, 1988; Niewiarowicz, Pikul, & Czajka, 1986), antioxidant 
(2 mg/ml ; MM or STPP). Spectrophotometer cuvettes (1.5 ml; disposable) with 
disposable cuvette caps were used to hold each system. Since Mb oxidation is minimal 
between 10 and 20° C (Yin & Faustman, 1993), the cuvettes were held at room 
temperature, in a closed drawer without light. 
 
Calculation of % MbO2 remaining.  
% MbO2 remaining was calculated using the modified Krzywicki equation from 
Tang, Faustman, and Hoagland (2004). The total Mb concentration (MbO2 + dMb +  
 
Table 5.1 




Buffera(ml) MbO2(ml) FeCl2(μl) Chelatorb (mg) 
1-Controlc 0.50 0.50 - - 
2-Control+Fe 0.48 0.50 20 - 
3-STPP 0.50 0.50 - 2 
4-STPP+Fe 0.48 0.50 20 2 
5-MM 0.50 0.50 - 2 
6-MM+Fe 0.48 0.50 20 2 
a. Buffer used was either 0.04 2-(4-mpr[holine) ethanesulfone acid at pH 6.0, or 0.1 M 
Tris (hydroxymethyl) aminomethane HCl at pH 7.2. 
b. Chelator used was either sodium tripolyphosphate (STPP) or milk mineral (MM), as 
designated in the model system name. 
c. STPP = sodium tripolyphosphate; MbO2= 0.1 mM oxymyoglobin; FeCl2= 0.1 mg 
Fe/mL in 0.1N HCl. 
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MetMb) of each stock was determined using a millimolar extinction coefficient of 7.6 at  
the isosbestic point of 525 nm (Bowen, 1949). Since stock was diluted (1:1) with buffer 
(or buffer with iron) for each system, the actual concentration of each model system 
solution was calculated as half of the stock level. The wavelengths of 503 nm, 557 nm, 
and 582 nm were selected because they represent wavelengths of maximal absorption for 
MetMb, dMb, and MbO2, respectively.   
 
[dMb]=CdMb/CMb=-0.543R1+1.594R2+0.552R3-1.329    (1) 
[MbO2]=CMbO2/CMb=0.722R1-1.432R2-1.659R3+2.599    (2) 
[MetMb]=CMetMb/CMb=-0.159R1-0.085R2+1.262R3-0.520    (3) 
 
Where R1=A582/A525, R2=A557/A525, R3=A503/525, and [dMb], [MbO2], [MetMb] show the 
percentage of the dMb, MbO2 and MetMb in the system, respectively. Since only the 
relative loss of MbO2 was of interest in the study, only relative MbO2 concentrations 
were compared during the time course of the study. 
 
Statistical analysis.  
For model system values, % MbO2 remaining was evaluated as a repeated 
measures design. The proc mixed function with an autoregressive moving average 
structure (ARMA 1,1) was used (SAS university version, SAS Institute, Inc., Cary, NC). 
A 95 % statistical significance level (α=0.05) was selected. Tukey-Kramer adjustment 
was used to run the posthoc mean comparisons.  
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Results and Discussion 
Iron and poultry myoglobin at pH 6.0. 
At pH 6.0, spectra for all samples showed distinct peaks at 545 and 582 nm, 
characteristic of MbO2 (Figure 5.1b), for the first hour. By day 1, new peaks showing 
formation of MetMb at 505 and 630 nm appear for all samples, while there was almost no 
MbO2 peaks (545 and 580 nm) for the iron-added sample (MS2; Figure 5.1c). The 
changes from peaks at 505 and 630 nm to peaks at 545 and 582 nm indicated a shift from 
MbO2 to MetMb. The color changed from bright red to brown in the iron-added sample 
cuvette, visually verifying this change (data not shown). More visual red color in these 
iron chelator sample curvets (MS4, MS6) also confirmed the delay of the oxidation (data 
were not shown). The peaks were more distinct for STPP at 545 nm and 582 nm,  
 
 
Figure 5.1. Spectral of myoglobin oxidation by non-heme iron after a) 0.5minutes; b) 1 
hour; c) 1 day. Samples were held at room temperature at pH 6.0. 
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suggesting that STPP was more effective than MM in delaying the oxidation at pH 6.0 in 
the model system. 
At pH 6.0 (Table 5.2), noticeable oxidation occurred in the iron-added system 
(MS2) within 45 minutes, if compared with its initial reading (t = 0.5 min), while 
significant oxidation in all other systems was not seen until Day 1. MbO2 oxidation in the 
iron-added system (MS2) at 45 min time point was significantly higher than for all other 
systems, including systems containing a chelator (MS3, MS5). This difference became 
more distinct at later time points. By day 1, STPP only systems (MS3) had significantly 
more MbO2 remaining than the control (MS1). The MbO2 remaining values in MM only 
system (MS5) is somewhat higher than the control, but not significant different (MS1;  
 
Table 5.2 
Means for %MbO2 Remaining at pH 6.0. 
pH 6.0 
%MbO2 remaining in Msa 
15 min 30 min 45 min 60 min Day 1 
  NSb NS       
1-Control 97.92±0.18 96.46±0.22 94.88±0.41 93.21±0.50 36.71±1.98 
      A A C* 
2-Control+Fe 95.42±0.47 91.41±1.03 87.42±2.36 81.80±1.83 8.09±1.83 
      B* B D 
3-STPP 98.55±0.42 97.50±0.41 96.48±0.24 95.40±0.32 53.89±7.71 
      A A A* 
4 STPP+Fe 97.65±0.26 96.40±0.40 95.11±0.34 93.75±0.16 48.89±8.65 
      A A AB* 
5-MM 98.48±1.92 97.49±2.71 96.56±3.14 95.44±3.54 42.09±2.59 
      A A BC* 
6-MM+Fe 96.95±4.45 95.47±5.15 94.01±4.78 92.25±5.17 34.46±3.03 
      A A C* 
a Values represent means ± standard deviations (n=4). Values sharing letters within (but 
not between) column groupings are not significantly different (p > 0.05).  
b.Values sharing letters are not significantly different (p > 0.05). NS means values within 
same column, but not between, are not significant different. 
Asterisk (*) denotes first significantly different value (p < 0.05) vs initial reading (t =0.5 
min) for the given system (within rows). 
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p > 0.05). These differences may be due to trace iron contamination in Mb stock or 
reagents, even though no iron was added in these systems. Reagents and chemicals used 
in the systems were purified to remove iron, however, the dialysis of the MbO2 stock may 
have left trace free iron in the stock solutions. Another potential source of iron is from 
myoglobin that became denatured and subsequently released iron during the purification 
and dialysis steps. These potential sources of trace iron contamination may have 
contributed to the myoglobin oxidation seen in the control (MS1) as compared to iron 
removed systems (MS3 and MS5). By day 1, both STPP and MM with added iron (MS4 
and MS6) had significantly more MbO2 remaining than the iron-added (MS2) system. In 
conclusion, both iron chelating agents were seen to reverse the effects of added iron on 
myoglobin oxidation at Day 1.  
The pathway of myoglobin oxidation with or without iron under ambient 
temperature is still not fully understood. However, that non-heme iron can effectively 
increase poultry MbO2 oxidation was confirmed at post-mortem meat pH (pH 6.0). This 
result agrees with the results from a previous study examining mammalian Mb. Allen and 
Cornforth (2006) examined whether non-heme iron could directly influence horse Mb 
oxidation. They found ferrous-state iron could stimulate horse skeletal Mb oxidation, 
independent of the effect of lipid oxidation at post-mortem pH of horse (pH 5.6).  
At post-mortem pH (6.0), both Type II antioxidants (STPP or MM) reversed non-
heme iron effects on myoglobin oxidation in a system without lipid. The result agreed 
with previous lipid free system study examining the effect of Type II antioxidants STPP 
and MM on horse MbO2 oxidation (Allen & Cornforth, 2006), which showed that MetMb 
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formation was delayed by removing “free” iron from the mammalian MbO2 system. By 
eliminating iron from the reaction, the Type II antioxidants could delay the oxidation and 
therefore preserve MbO2 in the system for a longer time. 
At post-mortem pH (pH 6.0), STPP was more effective at inhibiting MbO2 
oxidation than MM at day 1. The amount of MbO2 remaining in the first hour was higher 
for both chelator plus iron systems (MS4, MS6) than the iron only system (MS2; Table 
5.2), showing that chelators reversed the effect of added iron. In the first hour, STPP 
would be expected to remain dissolved in the system, and therefore having more chance 
to bind iron. Because MM has limited solubility, it could be expected to have less chance 
to contact and bind iron in the system during the storage period. Therefore, the physical 
position of the iron and chelators in the systems could influence the ability of the Type II 
antioxidant to delay the oxidation. Allen and Cornforth (2010) found that MM is more 
efficient than STPP in preventing myoglobin and lipid oxidation in fresh ground beef 
with no atmosphere modification. In ground meat products, the advantage of the 
solubility of STPP may not increase the chance of contact with iron and chelators as it 
could in an aqueous model system. Therefore, the ability to delay oxidation may rely 
more on the opportunity for the chelators to chelate the metals than on their absolute 
capacity.   
 
Iron and poultry myoglobin at pH 7.2.  
At physiological pH (pH 7.2), spectra for all samples showed distinct peaks at 545 
and 582 nm within one day, characteristic of MbO2 (Figure 5.2). New peaks at 505 and  
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Figure 5.2. Spectral of myoglobin oxidation by non-heme iron after a) 0.5minutes; b) 1 
hour; c) 1 day. Samples were held at room temperature at pH 7.2.  
 
630 nm appear for all samples, but these peaks are not very clear (Figure 5.2c). From the 
spectra, we do not see a significant effect of iron on MbO2 oxidation as compared to 
control. Since the effect of iron is limited, the iron chelators did not further preserve the 
MbO2 if compared to MS2. 
At pH 7.2 (Table 5.3), MbO2 oxidation in all samples significantly increased by 
day 1 as compared to initial readings (time=0.5min). At day 1, the iron-added system 
(MS2) had significantly lower MbO2 remaining than control (MS1) indicating that iron 
can increase MbO2 oxidation at pH 7.2 in the absence of lipid. Both STPP-added systems 
(MS3 and MS4) had higher MbO2 remaining than the control (MS1) or iron-added (MS2)  
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Table 5.3  
Means for % MbO2 Remaining at pH 7.2. 
pH 7.2 
%MbO2 remaining in MSa 
15 30 45 60 Day 1 
  NSb NS NS NS   
1-Control 97.34±1.86 96.38±1.74 95.37±1.70 94.57±1.51 63.07±1.35 AB* 
2-Control+Fe 98.63±0.22 98.08±0.24 97.41±0.05 96.58±0.21 55.23±1.87 CD* 
3-STPP 99.44± 0.21 98.79±0.51 98.44±0.18 97.73±0.47 65.41±1.23 A* 
4 STPP+Fe 98.51±0.37 97.67±0.48 96.95±0.43 96.41±0.39 61.11±1.29 AB* 
5-MM 97.40±1.34 94.53±1.32 93.93±1.60 94.34±1.55 59.56±2.07 BC* 
6-MM+Fe 97.43±0.78 95.77±0.89 95.65±1.60 94.99±0.83 52.38±2.54 D* 
aValues represent means ± standard deviations (n=4). Values sharing letters within (but 
not between) column groupings are not significantly different (p > 0.05).  
b. NS means values within same column, but not between, are not significant different. 
Asterisk (*) denotes first significantly different value (p < 0.05) vs initial reading (t =0.5 
min) for the given system (within rows).  
 
systems. There was no significant difference between the control and STPP with added 
iron (MS4), indicating that STPP could reverse the effects of added iron and delay 
oxidation. However, insoluble MM (MS5) did not significantly decrease the extent of 
oxidation as compared to the control (MS1) at Day 1. Additionally, MM did not prevent 
oxidation caused by added iron, as there was no significant difference between the iron-
added sample (MS2) and iron-added MM sample (MS6). The results suggest Type II 
antioxidant can reverse the iron effect of added iron on MbO2 oxidation, but the chelating 
ability of the Type II antioxidant would largely be affected by the mobility of the 
compounds.  
MetMb formation is highly dependent on pH. The rate of tuna, skipjack, 
mackerel, horse, and sperm whale MbO2 conversion to MetMb increased with decreased 
pH in the range of pH 4.5-7 and reached a plateau at pH between 7.0 and 8.0 (Chow, 
1991; Chow, Yoshihiro, Watabe, & Hashimoto, 1987). The configuration of globin 
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tertiary structure, especially the region around the heme pocket, was affected by acidic 
pH as the globin tertiary structure opens and the heme protein is exposed to the external 
environment, therefore decreasing the stability of the heme protein (Chow et al., 1987; 
Shikama & Matsuoka, 1986). Additionally, Mb oxidation was catalyzed by redox active 
iron, when both ferrous and ferric ions exists. Iron is sparingly soluble at pH level close 
to 7 (Morgan & Lahav, 2007). At post-mortem pH (pH 6.0), the iron-added sample has a 
much lower MbO2 retained than the control, while at physiological pH (7.2), there was no 
significant difference between the iron-added sample and the control in the first hour. 
These factors also may explain why much more MbO2 was seen at pH 7.2 than at pH 6.0 
in MS1 and MS2 after 1-day storage.  
 
Conclusion 
Non-heme iron was shown to directly affect the oxidation of poultry MbO2 
independent of the effect of lipid oxidation and its by-products, similar to previous 
observations in mammalian myoglobin. This effect was confirmed at both pH 6.0 and pH 
7.2 at day 1. The addition of ferrous iron significantly (p < 0.05) increased the rate of 
myoglobin oxidation in the absence of lipid. The addition of Type II, iron chelating 
antioxidants at pH 6.0 (milk mineral or sodium tripolyphosphate), or at pH 7.2 (sodium 
tripolyphosphate) reversed the effect of added iron, delaying oxidation of myoglobin. The 
physical position of the iron and chelators in the systems may influence the ability of the 
Type II antioxidants to delay the oxidation. The solubility of different Type II 
antioxidants would affect their effectiveness in various systems and should be considered 
during application. Additionally, due to low concentration of Mb in poultry meat, the use 
118 
of these Type II antioxidants to control color may be limited as compared to using them 
to control MbO2 oxidation in red meats such as beef. 
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There has been a decreasing usage of synthetic antioxidants (such as butylated 
hydroxyanisole or butylated hydroxytoluene) due to the preference of consumers for 
clean labels, with “natural” or organic food ingredients and additives that have familiar 
names and are commonly perceived as providing health benefits. Herbs and fruits, which 
contain high level of antioxidants ingredients like anthocyanins and carotenoids, are 
effective antioxidants in food products. Wild berry species native to Utah can be used as 
a source of antioxidant ingredients and can prolong the shelf life of fresh meat and 
poultry products, through their action as Type I and/or Type II antioxidants. 
The antioxidant content and antioxidant activities of skunkbush (Rhus trilobata), 
chokecherry (Prunus virginiana), river hawthorn (Crataegus douglasii) and silver 
buffaloberry (Shepherdia argentea) from 2016 late September were determined. River 
hawthorn and chokecherry were rich in anthocyanin (308.48 mg/100g and 265.50 
mg/100g, respectively) and silver buffaloberry was rich in carotenoids (45 mg/100g in 
dried weight (DW)). From the antioxidant activity studies, we found all the test berries 
have potential for use as Type I food antioxidants, especially river hawthorn and 
buffaloberry. Six months of frozen storage did not significantly decrease the antioxidant 
activities and carotenoid content in the FBPs. Since the antioxidant activities are stable 
during the freezer storage, it suggests that freezer storage can be used to stabilize these 
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seasonal native berries.  This allows them to be processed and held for use as food or 
supplement ingredients year-round. Other processing or storage conditions should also be 
considered to reduce the cost of process and storage these antioxidant ingredients. There 
was no strong correlation between the anthocyanin or carotenoid content and antioxidant 
activity, which suggests that other, non-pigment antioxidant components are present in 
the wild native Utah berries. Future studies should be conducted to determine the nature 
of other components in these berries that contribute to their total antioxidant activity. The 
antioxidant study was only performed on the native Utah berries collected during 
September 2016. In order to fully examine these native berries, more information should 
be collected to determine the extent that antioxidant content and antioxidant activity of 
these berries depends on seasonal variability. 
Low levels (0.5 % - 1 %) of freeze dried river hawthorn and silver buffaloberry 
were able to delay lipid oxidation as measured by TBARS analysis in ground beef or 
chicken product. However, these berry powders may be more suitable for use in ground 
beef products, since they can affect the color of chicken patties. The silver buffaloberry 
increased the redness of the chicken patties. Additional studies will be required to support 
their use as natural antioxidants in meat products, and to obtain approval from 
appropriate agencies, such as the USDA and FDA. Even so, future studies examining the 
usage of berry products in chicken products must include sensory testing to determine 
whether color changes from added berries might lead to consumer rejection. Formal 
sensory testing for the color and smell before cooking and color, smell and taste after 
cooking should be also performed to fully investigate the impact of added berries on 
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ground meat. Natural berries at lower concentrations could also be considered, though it 
is unknown whether this would delay lipid oxidation.  
All the berries were found to have limited metal-chelating metal ability as Type II 
antioxidants. Because of this, well studied metal chelating agents, milk mineral (MM; 
byproducts of whey milk, calcium supplement in market) and sodium tripolyphosphate 
(STPP; common meat additives), were used as Type II antioxidants to examine the effect 
of metal chelators on poultry myoglobin stability. This was the first study to examine 
whether Type II antioxidants directly affect the oxidation of chicken myoglobin in the 
absence of lipid oxidation by-products. Non-heme iron was shown to directly affect the 
oxidation of poultry oxymyglobin independent of the effect of lipid oxidation and its by-
products, similar to previous observations in mammalian myoglobin. This effect was 
confirmed at both physiological (pH 7.2) and post-mortem poultry muscle (pH 6.0) pH at 
day 1. The addition of Type II, iron chelating antioxidants at pH 6.0 (MM or STPP), or at 
pH 7.2 (STPP) reversed the effect of added iron, delaying oxidation of myoglobin at day 
1. The solubility of different Type II antioxidants may affect their effectiveness in various 
systems and should be considered during application. Future research should focus on 
elucidating the mechanism by which removal of “free” iron (or rendering it catalytically 


























Covariance Estimates for Anthocyanin Content in Different Berries. 
Covariance Parameter Subject Estimate 
Rho replicate 0.2931 
Gamma replicate -0.2139 




Fit Statisticsa for Anthocyanin Content in Different Berries. 
Fit Statistic Value 




aAutoregressive moving average structure (1,1).  AIC = Akaike information criterion; 









Den DF F Value p-value 
System 4 8 759.41 <0.0001 
Time 3 6 17.27 0.0023 










Table A.4  
Covariance Estimates for Carotenoids Content in Different Berries. 
Covariance Parameter Subject Estimate 
Rho replicate -0.3445 
Gamma replicate -0.03327 
Residual  4.5746 
 
 
Table A.5  
Fit Statisticsa for Carotenoids Content in Different Berries. 
Fit Statistic Value 




aAutoregressive moving average structure (1,1).  AIC = Akaike information criterion; 









Den DF F Value p-value 
System 4 8 910.18 <0.0001 
Time 3 6 2.02 0.2121 



















Anthocyanin Remaining at Selected Time Points in Different Berries during Storage (-
20 °C). 
Berriesb 
Anthocyanin (mg/100g DWa) 
Initial 2 months 4 months 6 months 
 NS NS          NS NS 
River hawthorn 265.50±14.13 243.22±13.9 239.66±48.44 212.94±10.53 
 A A A A* 
Chokecherry 308.48±6.18 258.43±20.5 252.85±35.86 198.80±5.42 
 A A A* A 
a. DW: dried weight 
b.Values represent means ± standard deviations (n=3). NS means within (but not 
between) column groupings are not significantly different (p > 0.05).  
Asterisk (*) denotes first significantly different value (p < 0.05) vs initial reading for the 




Carotenoids Values in Berry Powders as Affected by Storage (-20 °Cc) 
 Months to First 
Significant 
Differencea 
Carotenoids content (mg/100g) b 
Start day 6 months Pooled value 


































a. Time point where first significant difference (p < 0.05) occurs as compared to initial 
reading for each meat system formulation. 
b. Dried weight 
c. Values represent means ± standard deviations (n=4). Values sharing letters within (but 







Covariance Estimates for Hydrophilic Oxygen Radical Absorbance Value in Different 
Berries. 
Covariance Parameter Subject Estimate 
Rho replicate -0.3867 
Gamma replicate -0.05809 
Residual  3355336 
 
 
Table A.10  
Fit Statisticsa for Hydrophilic Oxygen Radical Absorbance Value in Different Berries. 
Fit Statistic Value 




aAutoregressive moving average structure (1,1).  AIC = Akaike information criterion; 











Den DF F Value p-value 
System 4 8 21.66 0.0002 
Time 3 6 1.12 0.4110 
System*Time 12 24 3.63 0.0035 
 
 
Table A.12  
Covariance Estimates for Lipophilic Oxygen Radical Absorbance Value in Different 
Berries. 
Covariance Parameter Subject Estimate 
Rho replicate -0.8307 
Gamma replicate 0.09185 





Fit Statisticsa for Lipophilic Oxygen Radical Absorbance Value in Different Berries. 
Fit Statistic Value 




aAutoregressive moving average structure (1,1). AIC = Akaike information criterion; 











Den DF F Value p-value 
System 4 8 30.40 <.0001 
Time 3 6 33.28 0.0004 




Table A.15  
Covariance Estimates for Hydrophilic Ferric Reducing Antioxidant Potential in Different 
Berries. 
Covariance Parameter Subject Estimate 
Rho replicate 0.5798 
Gamma replicate -0.09603 






Figure A.1. Hydrophilic oxygen radical absorbance value values in berry powders as 





Figure A.2. Lipophilic oxygen radical absorbance value values in berry powders as 




Fit Statisticsa for Hydrophilic Ferric Reducing Antioxidant Potential in Different Berries. 
Fit Statistic Value 




aAutoregressive moving average structure (1,1).  AIC = Akaike information criterion; 






Analysis of Variance (fixed effects) for Hydrophilic Ferric Reducing Antioxidant 





Den DF F Value p-value 
System 4 8 107.52 <.0001 
Time 3 6 36.19 0.0003 





Figure A.3. Hydrophilic ferric reducing antioxidant potential values in berry powders as 




Covariance Estimates for Lipophilic Ferric Reducing Antioxidant Potential in Different 
Berries. 
Covariance Parameter Subject Estimate 
Rho replicate -0.8812 
Gamma replicate 0.05579 










Fit Satisticsa for Lipophilic Ferric Reducing Antioxidant Potential in Different Berries. 
Fit Statistic Value 




aAutoregressive moving average structure (1,1).  AIC = Akaike information criterion; 





Analysis of Variance (fixed effects) for Lipophilic Ferric Reducing Antioxidant Potential 




Den DF F Value p-value 
System 4 8 36.60 <.0001 
Time 3 6 4.90 0.0470 




Figure A.4. Lipophilic ferric reducing antioxidant potential values in berry powders as 
affected by storage (-20 °C). Time effect was not seen (p >0.05) 
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Figure A.5. Total ferric reducing antioxidant potential values of values of berries as 




Analysis of Variance Table for Iron Binding Capacity. 
Source df  
Sum of 
Squares 
Mean Square F Value p-value 
Model 3 2423 807.5 207.2 <0.0001 
Error 12 46.77 3.897   




Correlations Between Antioxidants and Antioxidant Activities in Berries.  






















































Den DF F Value p-value 
System 4 8 2.20 0.1592 
Time 4 8 2.74 0.1048 









Den DF F Value p-value 
System 4 8 0.60 0.6711 
Time 4 8 3.87 0.0491 









Den DF F Value p-value 
System 4 8 0.28 0.8846 
Time 4 8 3.15 0.0784 








Den DF F Value p-value 
System 4 8 1.66 0.2508 
Time 4 8 15.69 0.0007 








Table B.5.  




Den DF F Value p-value 
System 4 8 0.38 0.8196 
Time 4 8 3.06 0.0832 








Den DF F Value p-value 
System 4 8 8.51 0.0056 
Time 4 8 85.40 <.0001 








Den DF F Value p-value 
System 4 8 7.98 0.0068 
Time 4 8 14.91 0.0009 
System*Time 16 32 0.44 0.9561 
 
 
Table B.8.  




Den DF F Value p-value 
System 4 8 4.93 0.0267 
Time 4 8 33.08 <.0001 















Den DF F Value p-value 
System 4 8 38.07 <.0001 
Time 4 8 7.28 0.0089 








Den DF F Value p-value 
System 4 8 2.19 0.1606 
Time 4 8 36.67 <.0001 








Den DF F Value p-value 
System 4 8 42.31 <.0001 
Time 4 8 149.37 <.0001 
System*Time 16 32 2.64 0.0095 
 
 
Table B.12  




Den DF F Value p-value 
System 4 8 4.33 0.0373 
Time 4 8 4.76 0.0293 








Den DF F Value p-value 
System 4 8 37.75 <.0001 
Time 4 8 40.87 <.0001 










Den DF F Value p-value 
System 4 8 7.15 0.0094 
Time 4 8 6.14 0.0146 








Den DF F Value p-value 
System 4 8 1.83 0.2157 
Time 4 8 2.39 0.1371 








Den DF F Value p-value 
System 4 8 29.13 <.0001 
Time 4 8 30.05 <.0001 








Den DF F Value p-value 
System 4 8 1.22 0.3734 
Time 4 8 87.67 <.0001 









Den DF F Value p-value 
System 4 8 15.61 0.0008 
Time 4 8 21.85 0.0002 




Figure B.1. MbO2 remaining values in ground beef patties during the storage (4 °C). 
Control: ground beef; A5: ground beef with 0.5 % river hawthorn berry; A10: ground 
beef with 1 % river hawthorn berry: C5: ground beef with 0.5 % silver buffaloberry; C10: 




Figure B.2. Thiobarbituric acid reactive substance values in ground beef patties during 
storage. Control: ground beef; A5: ground beef with 0.5 % river hawthorn berry; A10: 
ground beef with 1 % river hawthorn berry: C5: ground beef with 0.5 % silver 




Figure B.3. Total Aerobic plate count values in ground beef patties during storage. 
Control: ground beef; A5: ground beef with 0.5 % river hawthorn berry; A10: ground 
beef with 1 % river hawthorn berry: C5: ground beef with 0.5 % silver buffaloberry; C10: 




Figure B.4. pH values in ground beef patties during refrigerated storage (4 °C). Control: 
ground beef; A5: ground beef with 0.5 % river hawthorn berry; A10: ground beef with 
1 % river hawthorn berry: C5: ground beef with 0.5 % silver buffaloberry; C10: ground 
beef with 1 % silver buffaloberry. Time effect was seen (p = 0.0009); no treatment* time 




Figure B.5. Lightness (L* values) in ground chicken patties during refrigerated storage 
(4 °C) Control: ground beef; A5: ground beef with 0.5 % river hawthorn berry; A10: 
ground beef with 1 % river hawthorn berry: C5: ground beef with 0.5 % silver 




Figure B.6. Redness (a* values) in ground chicken patties during refrigerated storage 
(4 °C) Control: ground beef; A5: ground beef with 0.5 % river hawthorn berry; A10: 
ground beef with 1 % river hawthorn berry: C5: ground beef with 0.5 % silver 




Figure B.7. Yellowness (b* values) in ground chicken patties during refrigerated storage 
(4 °C) Control: ground beef; A5: ground beef with 0.5 % river hawthorn berry; A10: 
ground beef with 1 % river hawthorn berry: C5: ground beef with 0.5 % silver 




Figure B.8. Thiobarbituric acid reactive substance values in ground chicken patties 
during refrigerated storage (4 °C). Control: ground chicken; A5: ground chicken with 
0.5 % river hawthorn berry; A10: ground chicken with 1 % river hawthorn berry: C5: 




Figure B.9. Total aerobic plate count values in ground chicken patties during storage 
(4 °C). Control: ground chicken; A5: ground chicken with 0.5 % river hawthorn berry; 
A10: ground chicken with 1 % river hawthorn berry: C5: ground chicken with 0.5 % 




Figure B.10. pH values in ground chicken patties during refrigerated storage (4 °C) 
Control: ground chicken; A5: ground chicken with 0.5 % river hawthorn berry; A10: 
ground chicken with 1 % rver hawthorn berry: C5: ground chicken with 0.5 % 














Covariance Estimates for %MbO2 remaining in Poultry Systems at pH 6.0. 
Covariance Parameter Subject Estimate 
Rho replicate 0.7371 
Gamma replicate 0.3523 




Fit Statisticsa for %MbO2 Remaining in Poultry Systems at pH 6.0. 
Fit Statistic Value 




aAutoregressive moving average structure (1,1).  AIC = Akaike information criterion; 









Den DF F Value p-value 
System 5 15 32.78 <0.0001 
Time 5 15 2098.64 <0.0001 




Covariance Estimates for %MbO2 Remaining in Poultry Systems at pH 7.2. 
Covariance Parameter Subject Estimate 
Rho replicate -0.06809 
Gamma replicate 0.3227 







 Fit Statisticsa for %MbO2 Remaining in Poultry Systems at pH 7.2. 
Fit Statistic Value 




aAutoregressive moving average structure (1,1).  AIC = Akaike information criterion; AICC = 








Den DF F Value p-value 
System 5 15 32.23 <0.0001 
Time 5 15 8400.60 <0.0001 
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